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Abstract 

This thesis deals with the thermopluviometric series that characterize the climate of the 

central Pyrenees during the instrumental period, which also allow to carry out analyzes 

with natural records capable of capturing the climatic signal during the last 500 years. 

These thermopluviometric series have been obtained from data observed in-situ, both in 

manual and automatic observatories, during the instrumental period 1910-2013 for the 

longer series of maximum and minimum temperature and precipitation available in the 

study area. After quality controlling the observed data and applying the most 

appropriate homogenization method, the series of regional anomalies show the 

variability and climate change at annual and seasonal scales. The sediments of Lake 

Montcortès have been analyzed to know the influence of the climate on the mixing 

regime of the water column of the lake that was considered meromictic, showing that 

the current climate change is taking control in its capacity of oxygenation. On the other 

hand, tree ring thickness chronologies have been used to evaluate their ability to capture 

the regional climatic signal as well as the weather regimes of the North Atlantic in 

summer. To this end, the regional climate of the central Pyrenees has been characterized 

by synoptic compositions (composites) of sea level pressure in normal and extreme 

summers (through regional series of anomalies). 
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Resumen 

Se presentan las series termopluviométricas que caracterizan el clima del Pirineo central 

durante el período instrumental, que permiten, además, realizar los análisis obtenidos 

con registros naturales capaces de capturar la señal climática durante los últimos 500 

años. Estas series termopluviométricas han sido obtenidas a partir de datos observados 

in-situ, tanto en observatorios manuales como automáticos, durante el período 

instrumental 1910–2013, tratándose de las series de temperatura y precipitación de alta 

calidad más largas disponibles en la zona de estudio. Tras controlar los datos 

observados de calidad y aplicar el método de homogenización más adecuado, las series 

de anomalías regionales muestran la variabilidad y cambio del clima en escalas anuales 

y estacionales. Los sedimentos del lago Montcortès han sido analizados para conocer la 

influencia del clima en la alteración del régimen de la mezcla de la columna del agua 

del lago que se consideraba meromíctico, mostrando que el actual cambio climático está 

tomando el control sobre su capacidad de oxigenación. Por su parte, cronologías del 

grosor de anillos de los árboles han sido utilizadas para evaluar su capacidad de capturar 

la señal climática regional, así como los regímenes de tiempo de escala sinóptica del 

Atlántico Norte en verano. Para ello, el clima regional del Pirineo central ha sido 

caracterizado mediante composiciones sinópticas (composites) de presión a nivel del 

mar en los veranos normales y extremos (mediante las series de anomalías regionales).  
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Chapter 1 — Introduction 

The study of climate is essential due to its impact on the environment and human 

activities (Smithers and Smit, 1997). It’s necessary to expand knowledge on climate 

variability, as understood as variations in the mean state of climate on all scales, and on 

climate change, as refering to a prolonged variation of the mean climate state or its 

variability, in order to understand its causes, whether natural or anthropogenic. In this 

way, the ability to predict future variations will improve, enabling the anticipation of 

possible negative impacts of climate and giving the opportunity to develop effective 

adaptation and mitigation tools for the maintenance of capital (both natural and human; 

Intergovernmental Panel on Climate Change, IPCC, 2001). 

Nowadays, the efforts of the scientific community to this aim are becoming patent, in 

part because of political participation. One of the organisms which provides most 

visibility is the IPPC. It was founded in 1988 to provide comprehensive assessments of 

the states of scientific, technical and socio-economic knowledge on climate change. 

Nevertheless, these efforts must be maintained, principally because there are large 
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uncertainties in model based future climate projections, since many climate models do 

not agree on the sign or amplitude of future climate changes (Shiogama et al., 2016).  

This detailed knowledge can be achieved by studying climate at different spatial scales: 

global climate, which is principally driven by solar energy input, but includes other 

factors such as Earth orbital variations, air composition modifications and feedbacks 

between climate system components (e.g. ocean-atmosphere coupling); and regional 

climate, for which, in addition global sources of climate variability, latitudinal position, 

land cover, water bodies and mountain range location are determinant factors 

(Ackerman and Knox, 2006). Furthermore, different time scales can be studied in order 

to improve our capabilities in climate variability prediction (Buchdahl, 1999). Several 

forcings, understanding imposed perturbations of Earth's energy balance (National 

Research Council; NRC, 2001), act over the climatic system and their components 

causing fluctuations of observed climate on different time scales, such as solar radiation 

which varies 0.1 % of its luminosity over the course of 11 years (NRC, 2012) or ocean-

atmosphere coupling which introduce climate fluctuations due to their difference in heat 

capacity (Vuille and Garreaud, 2012). 

In any case, three types of data are used by scientist to study climate: observed, 

modelled and reanalysis. Observed data come from the measurement by direct contact 

of instruments (e.g. thermometers, barometers, ….), such as those installed on weather 

stations or radiosonde, or by remote sensing, like radar or satellite information, coming 

from measurements of radiations which can be later converted to a climate variable 

observation (Henderson-Sellers and Robinson, 1986). However, observations provided 

by remote sensing are not capable of providing yet, the required accuracy and 

homogeneity, as measurements of many of the elements that are reported from land-

based surface stations (World Meteorological Organization; WMO, 2011). Due to their 

short period of records remotely sensed data generally cannot be used to infer long-term 

climate variability and change. From all those data, complete datasets in gridded format 

of different climate variables are available for and by the climate scientific community. 

Another kind of data which can be considered as observed data is proxy data: 

measurements of conditions that are indirectly related to climate such as ice core 

samples, varves sediments, coral reefs and tree-ring growth (WMO, 2011). These data 

allow scientists to reconstruct past climate in order to extend our understandings of 

climate variability far beyond the instrumental period (Goosse, 2015). 
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The output of climate models are modelled data. These models are a mathematical 

representation of the climate system based on physical, biological and chemical 

principles and also require some inputs derived from observations or other model 

studies (Goosse, 2015). Depending on the field of expertise, scientists work to improve 

one part or the full model, or use the model output to climatic applications (Plummer et 

al., 2003). Finally, it should be noted that reanalyses are an hybrid of both observed and 

modelled data, created via an unchanging ("frozen") data assimilation scheme and 

model(s) (Dee et al., 2016). However, reanalysis are typically considered as observed 

data even though they present differences with observational datasets (Parker, 2016). 

Two crucial concepts have been mentioned during this little data description: data 

accuracy and homogeneity. Both are related to the quality of the data used in climate 

analysis and are fundamental for the confidence in our scientific results. The quality of 

the observed data is particularly important as it is these data on which all research relies. 

When long-term data are required, in-situ observed data are generally used, as it is the 

oldest method to measure atmospheric variables. So, quality control (QC) procedures 

should be applied in order to detect, and correct if it is possible, the errors made in the 

process of recording, manipulating, formatting, transmitting and archiving data, while 

homogeneity testing should be performed to ensure that time fluctuations in the data are 

only due to the vagaries of weather and climate (Aguilar et al., 2003). 

This thesis addresses the study of the climate of central Pyrenees in the context of the 

project “High resolution Paleoclimatology (annual) in the varved sediments of lake 

Montcortès during the last 500 years: from Little Ice Age to Global Warming 

(MONTCORTÈS-500)” (Pérez-Zanón et al., 2015, 2016; Rull et al., 2017; Rull and 

Vegas-Vilarrúbia, 2014) supported by the Spanish Ministry of Economy and 

Competitiveness. For this purpose, high-quality data observed in the study area 

characterize the regional climate during the instrumental period while proxy data from 

Pyrenees extend the time scale back in time giving the chance to improve our 

knowledge of climate variability on this area. The incidence of a larger spatial scale in 

the climate of the regional Pyrenees, in particular the North Atlantic – European sector 

in summer, is also studied thanks to the use of gridded data from observations and 

reanalysis.  

UNIVERSITAT ROVIRA I VIRGILI 
CLIMATE ANALYSIS IN THE CENTRAL PYRENEES FROM INSTRUMENTAL AND PALEOCLIMATE PROXY DATA 
Nuria Pérez Zanón 
 



Climate analysis in the central Pyrenees from instrumental and proxy data. 

 

 

24 

This chapter is divided into four parts. In the first section, some crucial characteristics of 

mountain regions crucial and a review of climate studies in this area are presented; in 

the second section the Pyrenees features and latest research advances are introduced; 

The third section describes the objectives and finally, structure of this manuscript is 

presented.  

1.1. Mountain regions 

The climatic conditions in mountain areas, as barriers on the planetary-scale 

atmospheric circulation (Barry, 2008), give rise to high rates of precipitation compared 

to bordering areas, particularly when oceans are close (Beniston, 2006). So, mountains 

act as gatherers for water for consumption, for hydroelectric power generation and 

agriculture production. Major forest reserves are often found in mountainous regions 

(Barry, 2008). The key role of forest in climate change mitigation has been recognized 

by the United Nations in agreement with the twenty-first session of the Conference of 

the Parties (COP21; United Nations framework Convention on Climate Change, 2015) 

because of their capability of absorbing immense amounts of carbon dioxide and 

negative effects of deforestation on climate change. Furthermore, ecologist also defend 

mountainous regions because of their high biodiversity, mainly due to topographic 

diversity, creating great diversity of habitats as a result of great variety of micro-

climates, substrate types, water and nutrient regimes (Stephen et al., 2010).  

Scientific research on mountains did not start until the late eighteenth century and, 

primarily, was accomplished by biologists, geologists and ecologists (Barry, 2008). 

Thanks to these disciplines, which take into consideration environmental features, 

observations of weather and climate were recorded, although this information is 

consequently scattered throughout the scientific literature (Barry, 2008). Some variables 

such as wind, temperature and humidity are relatively simply related comparing 

measurements done in the free air and on the top of isolated high mountains (Coulter, 

1967). A negative effect was that instead of maintaining observatories in mountainous 

regions to study upper air atmosphere, radiosonde measurements were considered 

enough in many places (Coulter, 1967), and their necessity are still claimed (Pepin et 

al., 2015).  
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Particular climatic process occurring in mountains are a function of landmass at a 

particular elevation (Ekhart, 1948). Topographic features (slope, aspect and exposure) 

determine different local climates on the same mountain range (Beniston, 2006). 

Variables such as solar radiation, precipitation, temperature and cloudiness can vary 

strongly in short distances (Barry, 2008; Beniston, 2006). Ekhart (1948) differentiated 

the atmosphere over mountains into three parts: slope atmosphere, valley atmosphere 

and enveloping mountain atmosphere. ‘Free air’ is above the last one (as cited in Barry, 

2008). Most of the weather processes involved are widely studied including temperature 

inversion, the Foehn effect and atmospheric pollution (Beniston, 2006). 

The latest research on mountainous climate has been focused on vertical precipitation 

gradients and snow line, airflow, data acquisition systems and recent climate change 

(Barry, 2012). These topics are still being studied, such as the response of orographic 

precipitation which, in an idealized mid-latitude mountain, shows a dependency of 

synoptic scale storminess affecting the number of hours of precipitation events (Shi et 

al., 2014) or the altitudinal dependency of climate change signals of precipitation until 

the end of 21st century over many parts of Europe evaluating experiments computed by 

using different Regional Climate Models (RCM) and driven by different Global Climate 

Models (GCM; Kotlarski et al., 2015). High-resolution RCM are also used to simulate 

the diurnal winds in the Rocky Mountains, showing an opposite sign in the strength of 

daytime and night-time flows under the observed climate warming (Letcher et al., 

2017). Physical mechanisms (albedo, cloudiness, water vapour and radiative fluxes, 

aerosols and combined mechanisms) that may contribute to elevation-dependent 

warming are reviewed in Pepin et al., 2015, highlighting the importance of in-situ data 

on mountainous regions and the impact of climate change over these areas on 

population.  

Mountain regions give the opportunity to find natural registers which have been not 

perturbed by human activities and that can be used as proxy data such as glaciers, which 

extend climate knowledge since the beginning of the Holocene (Nesje et al., 2008; 

Owen et al., 2009), or mountain lakes sediments, which allow scientists to reconstruct 

past floods (Schiefer et al., 2011), precipitation occurrence (Ackerman and Knox, 2006) 

or temperature evolution (HEIRI and LOTTER, 2005; Tyler et al., 2010) separate from 

ecosystem features (Schmidt et al., 2002; Street-Perrott et al., 2007). Sediments from 
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high-resolution floodplains in the Alps are also used to reconstruct paleofloods (Schulte 

et al., 2015); while different procedures have been applied on tree-ring data to achieve 

large-scale temperature reconstructions (Briffa et al., 2004; Schneider et al., 2015; 

Stoffel et al., 2015) and the Atlantic multidecadal Oscillation (AMO) (Gray et al., 

2004), a mode of variability of the North Atlantic Ocean characterized by the Sea 

Surface Temperature (SST), however, in these cases, not only mountainous regions are 

considered but also northern data sites.  

Their vulnerability, in the context of the present climate change, has been interpreted 

from the observed and expected above-average warming (Beniston, 2003). This 

increasing temperature impacts on the snow-melt period, reducing glacier extension, 

increasing ecosystem degradation and extinction of endemic species while capacities of 

adaptation are limited. Droughts are expected to increase in mountain areas where 

warmer and drier conditions are projected (IPCC, 2007). The variation in snow cover, 

precipitation events (both amount and intensity) and temperature increase may modify 

the occurrence of floods and landslides which can be disastrous, resulting in substantial 

material losses and/or large numbers of fatalities (Stoffel et al., 2015) The occurrence of 

floods in mountain basins is more expected than in other areas due to their often rapid 

response to intense rainfall rates, high slopes and a quasi-circular morphology (Stoffel 

et al., 2015). On the other hand, due to the projected increase of temperature, fuel 

dryness and a reduction in relative humidity are expected, being severe in those regions 

where rainfall decreases. So, fire risk may have a very strong impact in areas where 

forest land cover is high, such as the Spanish Pyrenees (Moriondo et al., 2006). 

Moreover, the impact of future climate change on energy production is also the subject 

of attention, for example, shortfalls in hydropower generation due to a seasonal shift in 

lake water inflow might be expected in New Zealand mountain basins (Caruso et al., 

2017). 

Finally, more than half of the world's population is supported by the resources provided 

by the mountains (Beniston, 2006), which makes essentially the study of these essential 

areas given the development and management capacity of the current advanced 

societies.  
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1.2. Study site 

The Pyrenees is a mountainous range in southwestern Europe, which acts as a natural 

border between France and Spain (Ariño et al., 2012) and contains all the territories of 

the Principality of Andorra (Pyrenees Climate Change Observatory; OPCC, 2013). Its 

physical definition is not simple due to its contact and transitions with the Cantabrian 

mountain range and the Catalan pre-coastal range (Laborie and Pala, 1989). However, 

the Work Community of the Pyrenees, founded in 1983 supported by the European 

Council, defines the region in the French side by the altitude following a law of 1985, 

while the southern side corresponds to a “conventional definition” (Figure 1.1; 

atlas.ctp.org).  

 

Figure 1.1: Pyrenees boundary (red line) and hydrographical net (blue lines) (source: 

OPCC, 2013). Area watered by resources from the massif is shown in dark yellow 

shadow. 

The Pyrenees constitute a wide area of 49,850 km2 that extends from west to east over a 

length of 520 km, and from north to south over 150 km. Two-thirds of its surface is 

located on the southern slope with a less strong slope (Comunidad de trabajo de los 

Pirineos, 2006). The highest summit is 3404 m above sea level and its toponym is Aneto 

UNIVERSITAT ROVIRA I VIRGILI 
CLIMATE ANALYSIS IN THE CENTRAL PYRENEES FROM INSTRUMENTAL AND PALEOCLIMATE PROXY DATA 
Nuria Pérez Zanón 
 



Climate analysis in the central Pyrenees from instrumental and proxy data. 

 

 

28 

(OPCC, 2013). The first time of climbing one of the highest summits of the Pyrenees 

was in 1802, when Ramond de Carbonnières reached Monte Perdido (3355 m) 

gathering naturalistic observations (Laborie and Pala, 1989).  

Any decision of management on the Pyrenees may affect to 1,155,000 people living in 

the area (2006 census in OPCC, 2013), unevenly distributed with two centres of greater 

concentration: Andorra and Pamplona; even more considering the hydric resources of 

four major hydrological basins: Ebro, Garona, Adour and internal basins of Catalonia 

(Figure 1.1); and even more, if we considered the global effect of forest (43 % of 

Pyrenees surfaces; OPCC, 2013) as a CO2 drain (Figure 1.2).  

 

Figure 1.2:Land use in the Pyrenees (source: OPCC, 2013). 

To confine the negative effects of climate change and to adapt the area to its possible 

consequences, the OPCC was founded as an initiative of the Work Community of the 

Pyrenees. It has been renewed until 2019, and different reports are already published 

which are a good source of information on: climate, biodiversity, forest, natural hazards, 

water, adaptation, teledetection and cartography. The OPCC is an important initiative to 
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provide policymakers with assessments which allow them to take sound evidence-based 

decisions.  

The Pyrenees climate is not homogeneous due to being influenced by the Atlantic 

Ocean on the west and the Mediterranean Sea on the east as well as its relief (Beguería 

et al., 2003; OPCC, 2013). However, five climatic regions are detected by Duquense 

(2008) and accepted by OPCC (2013) considering the temperature and precipitation 

distribution (Figures 1.3 and 1.4). These are, from west to east: oceanic, sub-oceanic, 

sub-continental with Mediterranean influence, cold sub-oceanic and Mediterranean with 

sub-continental tendency. This division also relies on the storm track influence on the 

two slopes of the mountain (see Duquense, 2008). 

 

Figure 1.3: Mean annual temperature on Pyrenees during the period 1960–1990 (source: 

OPCC, 2013). 
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Figure 1.4: Mean annual precipitation on Pyrenees during the period 1960–1990 

(source: OPCC, 2013). 

The studies of climate in the Pyrenees are few (Duquense, 2008) compared with other 

mountainous regions, although hydrological models predict greater climatic anomalies 

in the Pyrenees than in the Alps. In recent years, one of the most deeply studied 

specialties is the hydrological response of the Pyrenees catchments to precipitation, 

temperature and snow cover variations and considering land-use change, such as 

agriculture abandonment and reforestation. These studies were mainly carried on by the 

Pyrenees Institute of Ecology. During the second half of 20th century, a decrease on 

discharge basins are related not only to precipitation and temperature variations but to 

land-use and plant cover changes (Beguería et al., 2003). Negative trends in flood 

intensity but an increase of low flows occurrences also were detected due to 

precipitation events during the same period (López-Moreno et al., 2006). Other works 

considered the Ebro basin, observing an increasing in the number of winter warm days 

and nights, and projecting a continued increase for the 21th century even doubling their 

occurrences especially in mountain areas (López-Moreno et al., 2014).  

The standardised precipitation-evapotranspiration index (SPEI), a multiscale drought 

index based on climatic data, was also studied in the same area, showing the influence 

on the hydrological characteristics in different time scales and fast response on 

mountain regions (López-Moreno et al., 2013). The snow cover in the Pyrenees is 
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above 1650 m a.s.l. between December and April, which has shown a negative trend in 

snow pack during the second half of 20th century caused by the atmospheric circulation 

characterized by an increase of the North Atlantic Oscillation (NAO) (López-Moreno, 

2005; López-Moreno and Vicente-Serrano, 2007). The interanual variability of the 

number of snow and precipitation days are related to the weather types over the Iberian 

Peninsula and influenced by the distance to the sea and the elevation (Buisan et al., 

2015). So, circulation patterns in winter lead the precipitation, temperature and snow 

cover variation (Buisan et al., 2016). The future reduction of snow cover may reach 

78% and the length of the season 70% (López-Moreno et al., 2009), while, in terms of 

precipitation, extreme events and drought periods tends to increase as shown in RCM 

for the 21th century (López-Moreno and Beniston, 2008). However, the bias of RCM on 

precipitation and temperature are 20 % and 1	, respectively (López-Moreno et al., 

2008), meaning there is still uncertainty around these projections. 

Reconstructions have also been developed over the Pyrenees. Past temperature have 

been obtained for different periods using tree-ring chronologies (Büntgen et al., 2008, 

2017; Dorado Liñán et al., 2012; Esper et al., 2015a; Tardif et al., 2003). The good 

quality of the dendrological methodology applied in these publications are not 

questionable, however, from a climatological point of view some limitations can be 

highlighted: typically the reconstruction is performed on May to September 

temperatures since it shows better correlations in this period, instead of summer or 

winter, when climate indexes, like winter NAO (Portis et al., 2001), are clearly defined; 

the climate data used to the calibration are not ideal, since neither quality control nor 

homogenization is performed or only observations in particular places are considered, 

which can be subjected to the topographic features perturbations since data are collected 

from remote areas; finally, there is a lack of information about atmospheric circulation 

related to observed climate in the area. 

Lake sediments, for their part, allow climate variability knowledge to be extend back in 

time due to the information contained in their sediments, specially thus showing 

laminated formations (varved; Gold, 2009). However, this and other climate proxies 

contained in lacustrine sediments can also depend on past environmental conditions and 

human activities (Aranbarri et al., 2017). Atmospheric pollution (Corella et al., 2017), 

erosion fluxes (Mazier and Bard, 2016), vegetation and limnological response (Vegas-
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Vilarrúbia et al., 2013) and hydrological dependency (Morellón et al., 2009) of 

sediments formation conducted by climate have been widely studied in different lakes 

in the Pyrenees. Cold and arid periods have been identified in the central-western 

Spanish Pyrenees over the last 30.000 years (González-Sampériz et al., 2006) as well as 

three millennia heavy rainfall events, in sub-decadal scale and their relation with the 

Mediterranean Oscillation (MO) in western Mediterranean (Corella et al., 2016).  

Glacier studies (Cía et al., 2005; García-Ruiz et al., 2003; Pallas et al., 2010) and multi-

proxy reconstructions (Morellón et al., 2012; Moreno et al., 2012) have also been 

carried out in the Pyrenees. This last method is considered of high value by combining 

proxies errors and loss of information can be avoided (Li et al., 2010; Moberg et al., 

2005). 

As it has been highlighted previously, high-quality observed data covering the 

instrumental period (Hulme and Jones, 1994) are necessary to perform climatological 

studies in order to remove non-climatic factors (Aguilar et al., 2003). For this purpose, 

recent publications of quality-controlled and homogenized data have been done in the 

Pyrenees (Cuadrat et al., 2013; Esteban et al., 2007, 2012; Notivoli et al., 2013). 

However, these datasets are obtained in a concrete area of the Pyrenees or are covering 

the last 60 years only, which can be considered not long ehough to assess low-frequency 

variability or paleoclimatology studies, among others purpose of long-term and high-

quality series (Brunet et al., 2002).  

This area is vulnerable to risk of fires and floods as any mountainous region. For 

example, the flash flood that occurred in the Arás basin in 1996 resulting in 87 fatalities 

(Gutiérrez et al., 1998) or in the Aude river in 1999 (Gaume et al., 2004; Vinet, 2008). 

Snow avalanches are also a hazard in Pyrenees (Muntán et al., 2009), for population and 

economical activities as tourism and cattle industry which are developed on there 

(Marín-Yaseli and Martínez, 2003). 

1.3. Research aims and objectives 

The effort of an interdisciplinary research team to obtain paleoclimatic reconstructions 

of the past 500 years is gathered in the MONCORTÈS-500 project. Taking advantage of 

the varved sediments of Montcortès lake in the central Pyrenees (see Chapter 4), these 
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reconstructions are expected to be of high-resolution (sub-decadal – annual – seasonal). 

The robustness of its chronology was previously proved and laid the groundwork to 

improve the resolution of the reconstructions. Thus, the sedimentological process over 

the last 6000 years showed its capability to preserve laminated deposition suggesting to 

be dependent on climate (Corella, 2009; Corella et al., 2011), while warm and higher 

rainfall frequency periods were detected during the last 1.500 years by analysing the 

composition and the thickness of the varves (Corella et al., 2012). 

The novelty of this project relies on the study of the most recent period with high 

resolution as the upper part of the core was recovered almost unaltered. Furthermore, 

the last 500 years are interesting as they include the transition between the Little Ice 

Age (LIA; Mann et al., 2009) and the present Global Warming. Finally, multi-proxy 

analysis was proposed using Montcortès proxies (diatoms, varve thickness, pollen, 

pigments, geochemical) and dendrological data. 

Since the beginning of this project, some studies (belonging to the project or external) 

of Montcortès lake have been published. Thus, the seasonal pattern of pollen 

sedimentation has been characterized by two years of monitoring and show a 

relationship with meteorological variables (Rull et al., 2017); the evolution of the 

agriculture and the landscape modifications have been identified by combining 

Montcortès sediments and historical documentation (Rull and Vegas-Vilarrúbia, 2015); 

even multi-proxy studies have been carried on considering different lakes in the 

Pyrenees to synthetize the environmental variations since the Last Glacial Maximum 

(Aranbarri et al., 2017); and the sedimentation composition and atmospheric pollution 

link has been showed for the last 700 years (Corella et al., 2017). 

For its part, recent dendrological studies in the Pyrenees contribute with new 

techniques, as the 20th century analysis of !"#$  and !"%&  isotope ratios of Pinus 

uncinata against precipitation and temperature indexes (Konter et al., 2014) and the 

latest tree-ring analysis, highlighting the relevance of combining maximum latewood 

density with GCM to understanding regional climate (Büntgen et al., 2017). 

Nevertheless, while the bulk of the Montcortès-500 project's objectives lie in biological 

information, climate data and analyses are essential for its development, such as how 

weather and climate affect limnological observations in the Montcortès annual cycle 
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(Rull et al., 2017). Therefore, the main objective of this thesis is to characterize the 

observed climate in the central Pyrenees during the instrumental period and to evaluate 

the potential of proxy data to capture and reconstruct past regional or large-scale 

climate. To achieve these goals the scientific and technical specific objectives can be 

divided in four blocks:  

1. To obtain a high-quality regional climate series for central Pyrenees: 

2. Detect the role played by the synoptic scale on the regional central Pyrenees 

climate. 

3. Evaluate the potential of limnological sediments and tree-ring chronologies to 

capture observed climatological variability and change whether regional or 

large-scale. 

4. Evaluate the capability to reconstruct past climate by using paleoclimate proxies 

from the central Pyrenees. 

1.4. Thesis outline 

This PhD thesis is structured in 6 chapters, being the present chapter 1 the introduction, 

in which the general concepts and aims have been contextualized. 

Chapter 2 is the “Comparison of HOMER and ACMANT homogenization methods 

using a central Pyrenees temperature dataset” article published in Advances in Sciences 

and Research, the peer-reviewed international proceedings journal of the European 

Meteorological Society (EMS). Dr. Javier Sigró, Dr. Peter Domonkos and Dr. Linden 

Ashcroft lent support, with their proven expertise, to develop high level research, while 

three unknown referees evaluated it improving the form and content of this research. 

Chapter 3 is the “Temperature and precipitation regional climate series over the central 

Pyrenees during 1910-2013” article published in the International Journal of 

Climatology, one of the most prestigious journal in this expertise area (journal impact 

factor 3.760 in 2016 from the Q1 in Meterology and Atmospheric science). It is also a 

peer-reviewed journal, and, in addition, it is indexed on Journal Citation Reports and 

belongs to the publications of the Royal Meteorological Society. The support of Dr. 
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Javier Sigro and Dr. Linden Ashcroft was fundamental to achieve this item and, thanks 

to two unknown referees, it was published reaching the standards of this high level 

research journal. 

The article “Historical shifts in oxygenation regime as recorded in the laminated 

sediments of lake Montcortès (central Pyrenees): a continental-scale phenomenon?” 

constitutes chapter 4 and has been submited to Science of the Total Enviorment journal 

(STOTEN). STOTEN is an international journal speciallized on studies which focus on 

the interaction of the atmosphere, hydrosphere, biosphere, lithosphere, and 

anthroposphere (journal impact factor 4.900 in 2016 from the Q1 in Environmental 

Sciences). This article is leaded by Dr. Teresa Vegas-Vilarrúbia, the IP of Montcortès-

500 project, followed by Dr. Pablo Corella. Their expertise contributes with the most 

reliability in the limnological results and allows to me to cooperate with analyses on the 

potential relationships between sediment proxies of the lake’s oxygen shifts over time 

and climate. 

Chapter 5 presents the preliminary results of the draft of the article “Role of North 

Atlantic weather regimes in central Pyrenees climate from instrumental and tree-ring 

data”. This work is being developed with the support of Dr. Myriam Khodri and Dr. 

Javier Sigró, the data provided by Dr. Emilia Gutiérrez. 

Finally, chapter 6 present the conclusions and most important remarks of the articles 

presented, as well as future work proposals. 
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Supplementary material “Temperature and Precipitation regional climate series 

over the central Pyrenees during 1910–2013” 

Núria Pérez-Zanóna, Javier Sigróa and Linden Ashcrofta 

 

Figure S1.1: Distribution of the number of month with missing values lower or equal 

than 7 or 5 consecutive days missing values. 
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Table S.1: Central Pyrenees temperature and precipitation initial network. Code and 

abbreviated name of station, period and percentage of data for precipitation and 

temperature and geographical location (elevation and geographical coordinates). 

CODE NAME 
PERIOD 

PPT 

% PPT 

DATA 

PERIOD 

T 

% T 

DATA 

Height 

(m) 
Lon (°) Lat (°) 

AR001 Senet 1915-1997 73.2 
1929-

1997 
49.6 1093 0.74 42.55 

AR002 Vilaller 1928-1999 77.2 
1955-

1999 
52 925 0.71 42.46 

AR008 Boí 1923-1998 62.7 
1948-

1998 
54 1096 0.81 42.51 

AR012 Suert 1912-1920 85.7 - - 845 0.74 42.4 

AR013 Suert 1928-1932 93.5 - - 845 0.74 42.4 

AR014 Suert 1945-1998 96.2 
1948-

1998 
80 830 0.74 42.4 

AU006 Urgell 1911-1933 78.1 - - 692 1.46 42.36 

AU008 Urgell 1944-1959 100 
1944-

1959 
99.4 703 1.46 42.36 

AU009 Urgell 1965-1980 98.6 
1968-

1980 
79.1 686 1.47 42.36 

AU010 Urgell 1981-1993 100 
1981-

1993 
100 692 1.46 42.36 

AU011 Urgell 1992-2002 47.5 
1992-

2000 
20.5 685 1.47 42.36 

AU012 Urgell 2002-2012 71.2 
2002-

2012 
60.5 692 1.46 42.36 

AU013 Adrall 1927-2002 87.4 
1931-

2002 
81.4 627 1.4 42.33 

AU020 Organyà 1914-1936 75.1 - - 540 1.33 42.21 

AU021 Organyà 1941-1943 74.8 - - 540 1.33 42.21 

AU022 Organyà 1950-1999 100 
1972-

1999 
53.7 549 1.33 42.21 

AU023 Oliana 1911-1936 95.7 
1931-

1935 
18.6 475 1.32 42.07 

AU024 Oliana 1950-1999 99.3 1950- 98.8 468 1.3 42.08 
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1999 

BG001 Lillet 1914-1928 64.9 - - 848 1.98 42.25 

BG002 Lillet 1914-1967 90.6 - - 880 1.95 42.24 

BG003 Lillet 1970-1995 99.6 - - 880 1.98 42.25 

BG016 Berga 1914-1943 86.8 - - 730 1.84 42.1 

BG017 Berga 1956-1988 100 - - 760 1.84 42.1 

BG018 Berga 1989-2008 96.9 
1989-

2008 
93.8 682 1.86 42.1 

BG027 Puig-Reig 1917-1972 96.8 - - 411 1.88 41.97 

BG028 Puig-Reig 1972-2012 96.6 - - 434 1.88 41.96 

NO001 Ponts 1915-2006 86.6 
1961-

2006 
45.5 358 1.2 41.93 

NO011 
Montgai 

Llorenç 
1927-1996 77.3 

1934-

1996 
62.4 240 0.84 41.86 

NO013 Montgai 1919-1937 97.7 - - 280 0.96 41.8 

NO014 Montgai 1972-2006 91.8 
1972-

2006 
82.4 293 0.97 41.81 

NO027 Avellanes 1915-2007 52 
1934-

2007 
29.5 530 0.76 41.87 

PJ003 
Estany 

Gento 
1925-1985 98.8 

1930-

1985 
91.3 2142 1 42.51 

PJ005 Cabdella 1915-1994 99.5 
1930-

1992 
79.3 1273 0.99 42.47 

PJ006 Molinos 1928-1995 96.3 
1930-

1995 
91.4 981 0.98 42.41 

PJ007 La Plana 1956-1995 78.5 
1956-

1995 
51.2 888 0.96 42.39 

PJ010 Senterada 1925-1992 78.6 
1930-

1992 
66 711 0.94 42.32 

PJ015 Psegur 1927-1994 96.5 
1934-

1992 
62.9 525 0.97 42.25 

PJ017 Talarn 1915-1996 97 
1930-

1996 
76.7 430 0.91 42.17 

PJ019 Tremp 1992-2009 98.1 
1992-

2007 
88.8 467 0.89 42.16 
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PJ020 Vilamitjana 1916-1937 87.3 - - 450 0.92 42.15 

PJ026 
Gavet 

Conca 
1937-1994 96.5 

1937-

1994 
75 382 0.9 42.11 

PJ029 Terradets 1936-1996 76 
1936-

1996 
76.1 360 0.9 42.05 

PS004 Bonaigua 1922-1968 71.6 
1929-

1979 
67.1 2263 0.98 42.67 

PS005 
Esterri 

d’Aneu 
1917-1931 99.9 

1928-

1931 
18.3 950 1.12 42.62 

PS006 
Esterri 

d’Aneu 
1955-2005 85.9 

1956-

2005 
71 952 1.13 42.63 

PS014 Tavascan 1920-1994 79.3 
1967-

1994 
36.3 1126 1.26 42.65 

PS020 Sort 1911-1917 96.2 - - 690 1.13 42.41 

PS021 Sort 1947-1969 40.1 - - 685 1.13 42.41 

PS022 Sort 1985-2004 100 
1985-

2004 
99.9 679 1.13 42.41 

PS024 Mencui 1922-1965 93.1 - - 1256 1.03 42.38 

PS025 Escós 1920-1988 98 
1931-

1938 
7.7 790 1.06 42.37 

PS026 Baén 1921-1938 98.5 - - 1406 1.12 42.33 

PS027 Gerri 1914-1938 94.4 - - 630 1.07 42.32 

PS028 Gerri 1984-2012 94.9 
1984-

2012 
81.7 605 1.07 42.32 

SE013 Lleida 1914-1926 88.1 
1927-

1928 
4.1 202 0.63 41.62 

SE014 Lleida 1915-1994 66.4 
1932-

1994 
47 150 0.65 41.62 

SE017 Lleida 1983-1986 87.8 - - 247 0.54 41.65 

SO007 Solsona 1915-1970 87.6 
1923-

1970 
56.1 683 1.51 41.99 

SO008 Solsona 1984-2012 86.3 
1984-

2012 
84.1 691 1.51 41.99 

UG001 Agramunt 1916-1920 86.1 - - 338 1.1 41.79 

UG002 Agramunt 1928-1934 65.8 - - 330 1.1 41.79 

UG003 Agramunt 1942-1965 78.5 - - 330 1.1 41.79 
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UG004 Agramunt 1966-2012 100 
1966-

2012 
91.1 342 1.1 41.79 

VA007 Arties 1922-1990 100 
1930-

1990 
42 1160 0.88 42.7 

VA009 Vielha 1911-1935 84.5 
1915-

1934 
16.7 965 0.79 42.7 

VA010 Vielha 1945-1993 98.6 
1945-

1993 
98.1 951 0.8 42.71 

VA013 Bossòst 1922-1923 86.8 - - 712 0.69 42.79 

VA014 Bossòst 1972-1993 98.5 
1972-

1993 
98.5 723 0.69 42.78 

9198 Canfranc 1910-2013 98.7 
1910-

2013 
94.4 1160 -0.52 42.75 

9201 Cas. Jaca 1914-2013 70 
1970-

2013 
43.2 885 -0.55 42.63 

9202 Jaca 1928-2013 43.8 
1929-

2013 
52.6 800 -0.55 42.57 

9207 Hecho 1928-2013 63.9 
1931-

2013 
40.4 860 -0.75 42.74 

9208 Aragues 1928-2006 53 
1970-

2006 
46.2 980 -0.67 42.71 

9212 Anso 1928-2001 59.3 
1970-

2001 
39.6 820 -0.83 42.75 

9446 Sallent 1930-2013 75.2 
1953-

2013 
42.6 1285 -0.33 42.77 

9451 Panticosa 1911-1993 78 
1941-

1993 
56.3 1660 -0.23 42.76 

9454 Biescas 1927-1980 90.3 - - 875 -0.01 42.63 

9489 Sotonera 1911-2013 88.3 
1923-

2013 
74.8 413 -0.67 42.11 

9759E Camporrels 1928-2007 28.4 
1992-

2007 
18.6 628 0.52 41.96 

9782 Pineta 1928-2012 93.5 - - 1150 0.2 42.64 

9784 Barrosa 1928-1994 89.6 
1979-

1994 
12.1 1200 0.21 42.68 
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9789 Gistain 1951-1994 92.5 
1966-

1994 
21.7 1000 0.34 42.61 

9789A Gistain 1928-2013 69.6 - - 1422 0.33 42.59 

9790 Plandescun 1941-1993 98 
1986-

1993 
11.3 1100 0.3 42.57 

9794 Bielsa 1928-1989 74.4 
1961-

1967 
8.6 760 0.22 42.58 

9817 Fiscal 1928-2013 70.3 - - 770 -0.12 42.5 

9822 Boltaña 1928-2013 77.4 
1930-

1994 
36 643 0.67 42.45 

9829 Mediano 1922-2008 81.8 
1931-

2008 
36.2 504 0.2 42.32 

9838 Benasque 1912-1977 92.7 
1940-

1977 
52.3 1130 0.52 42.6 

9843 Seira 1919-2007 83.9 
1929-

2007 
63.9 815 0.43 42.48 

9849 Graus 1928-1990 89.5 
1934-

1990 
86.9 498 0.36 42.23 

9850 Graus 1919-1977 66.1 - - 604 0.01 42.18 

9866 Barbastro 1928-2013 52.5 
1953-

2013 
39.7 338 1.25 42.04 

9895 Belsue 1918-1994 78.3 
1923-

1994 
57.4 990 -0.36 42.29 

CA Cardener 1996-2012 97.6 
1996-

2012 
97.2 693 1.59 41.95 

CB Llosses 1995-2003 90.4 
1995-

2003 
87.3 700 2.2 42.15 

CD Urgell 1996-2013 97.2 
1996-

2013 
96.5 849 1.43 42.37 

CG Molló 1996-2013 95.9 
1996-

2013 
95.4 1405 2.41 42.38 

CI 
Sant Pau de 

Segúries 
1996-2013 97.1 

1996-

2013 
96.8 852 2.36 42.26 

CJ Organyà 1996-2013 98.9 
1996-

2013 
97.9 566 1.33 42.22 

CN Guardiola 1996-2005 98.6 1996- 98.2 720 1.88 42.23 

UNIVERSITAT ROVIRA I VIRGILI 
CLIMATE ANALYSIS IN THE CENTRAL PYRENEES FROM INSTRUMENTAL AND PALEOCLIMATE PROXY DATA 
Nuria Pérez Zanón 
 



3. Regional anomaly series 

 

 

 

81 

 

 

2005 

CO 
Torres de 

Segre 
1995-2006 94.3 

1995-

2006 
92 144 0.53 41.53 

CP Sant Romà 1996-2013 99.7 
1996-

2013 
99.3 690 1.04 42.14 

CQ Vilanova 1996-2013 99.1 
1996-

2013 
95.4 594 1.03 42 

CR Quar 1996-2013 97 
1996-

2013 
98 873 1.96 42.08 

CT Suert 1996-2013 98 
1996-

2013 
97.2 823 0.74 42.4 

CU Vielha 1996-2013 96.4 
1996-

2013 
95.4 1002 0.79 42.7 

CV Psegur 1995-2013 97.3 
1995-

2013 
96.2 513 0.96 42.24 

DG Núria 1998-2013 98.1 
1998-

2013 
97.1 1971 2.16 42.4 

DP Das 2001-2013 99.5 
2001-

2013 
98.7 1097 1.87 42.39 

UI Gisclareny 1999-2013 100 
1999-

2013 
99.7 1386 1.76 42.26 

UY 
Os de 

Balaguer 
1995-2013 100 

1995-

2013 
99.8 576 0.76 41.88 

V1 Vallfogona 1990-2013 98.7 
1990-

2013 
97.3 238 0.83 41.78 

VE Aitona 1998-2013 99.3 
1998-

2013 
99.4 97 0.46 41.49 

VF Alcarràs 1998-2013 95.9 
1998-

2013 
97.5 122 0.55 41.56 

VH Gimenells 1996-2013 99.4 
1996-

2013 
99.3 259 0.39 41.66 

VI Lleida 1990-2000 96.6 
1990-

2000 
96.8 190 0.6 41.63 

VJ Lleida 1998-2013 90 
1998-

2013 
97.2 161 0.65 41.6 
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VK Raimat 1988-2013 98.9 
1988-

2013 
98.9 286 0.45 41.68 

VL Seròs 1998-2011 93.9 
1998-

2011 
95.5 100 0.41 41.46 

VM 
Vilanova 

Segrià 
1998-2013 86.5 

1998-

2013 
87.7 222 0.63 41.71 

VO Lladurs 1998-2013 99.8 
1998-

2013 
99.9 785 1.43 42.09 

VP Pinós 1995-2013 99.9 
1995-

2013 
99.9 659 1.54 41.8 

VS Lac Redon 1999-2013 73.6 
1999-

2013 
92.8 2247 0.78 42.64 

W5 Oliana 2000-2013 99.9 
2000-

2013 
99.9 490 1.31 42.08 

WA Oliola 2001-2013 100 
2001-

2013 
100 443 1.15 41.88 

WB Albesa 2006-2013 100 
2006-

2013 
100 267 0.67 41.76 

WG Algerri 2000-2013 99.9 
2000-

2013 
99.7 301 0.65 41.8 

WI Maials 2000-2013 99.9 
2000-

2013 
99.9 350 0.48 41.36 

WK Alfarràs 1998-2012 95.9 
1998-

2012 
98 268 0.58 41.82 

WM Queralt 2002-2013 99.5 
2002-

2013 
100 1167 1.83 42.11 

WQ 
Montsec 

Ares 
2003-2013 97.3 

2003-

2013 
100 1572 0.73 42.05 

WV Guardiola 2005-2013 99.9 
2005-

2013 
100 788 1.87 42.23 

WX Camarasa 2006-2013 99.9 
2006-

2013 
99.9 668 0.88 41.92 

X3 Alguaire 2006-2013 100 
2006-

2013 
99.8 370 0.54 41.74 

X6 Baldomar 2006-2013 100 
2006-

2013 
100 366 1.03 41.92 
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X7 
Torres de 

Segre 
2007-2013 100 

2007-

2013 
99.9 215 0.55 41.52 

XH Sort 2009-2013 100 
2009-

2013 
99.7 679 1.13 42.41 

XM Els Alamús 2011-2013 100 
2011-

2013 
100 235 0.74 41.59 

XN 
Seròs-

depuradora 
2011-2013 99.9 

2011-

2013 
100 89 0.43 41.46 

XQ Tremp 2012-2013 99.8 
2012-

2013 
100 473 0.89 42.16 

XT Solsona 2012-2013 100 
2012-

2013 
100 691 1.51 41.99 

XW 
Lleida-la 

Bordeta 
2013-2013 100 

2013-

2013 
100 165 0.65 41.6 

XY Alcarràs 2013-2013 99.4 
2013-

2013 
100 122 0.55 41.56 

Z1 Bonaigua 2001-2013 74.5 
1997-

2013 
95.4 2266 0.98 42.65 

Z2 Boí 2001-2013 80.6 
1998-

2013 
93.7 2535 0.88 42.47 

Z3 Malniu 2002-2013 76.4 
1999-

2013 
97.5 2230 1.78 42.47 

Z4 Ulldeter 2001-2011 86.4 
2000-

2011 
99.5 2364 2.25 42.42 

Z5 Certascan 2003-2013 75 
2000-

2013 
92.2 2400 1.27 42.7 

Z6 Sasseuva 2004-2013 77.1 
2001-

2013 
98.7 2228 0.73 42.77 

Z7 Espot 2003-2013 85.3 
2002-

2013 
96 2519 1.05 42.53 

Z8 
el Port del 

Comte 
2004-2013 82.6 

2002-

2013 
99.8 2316 1.52 42.18 

Z9 Cadí Nord 2004-2013 89.3 
2003-

2013 
99 2143 1.71 42.29 

ZB Salòria 2004-2013 89.7 2004- 99.3 2451 1.37 42.52 
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2013 

ZC Ulldeter 2011-2013 100 
2011-

2013 
95.8 2410 2.25 42.42 

 

 

Table S.2: PPT Composite series obtained by merging individual series. Tmax and 

Tmin composite series are shown in bold. 

Name Serie 1 Serie 2 Serie 3 Serie 4 Serie 5 Serie 6 

Suert AR012 AR013 AR014 CT 

  Urgell AU006 AU008 AU009 AU010 AU011 AU012 

Organyà AU020 AU021 AU022 CJ 

  Oliana AU023 AU024 W5 

   Lillet BG002 BG003 

    Berga BG016 BG017 BG018 

   Puig-Reig BG027 BG028 

    Ponts NO001 X6 

    Montgai NO013 NO014 

    Avellanes NO027 UY 

    Psegur PJ015 CV 

    Talarn PJ017 PJ019 XQ 

   Bonaigua PS004 Z1 

    Esterri PS005 PS006 

    Sort PS020 PS021 PS022 XH 

  Gerri PS027 PS028 

    Lleida SE014 VJ XW 

   Solsona SO007 SO008 XT 

   Agramunt UG001 UG002 UG003 UG004 

  Vielha VA009 VA010 

    Bossots VA013 VA014 

    Panticosa 9451 9446 

    Graus 9850 9849         
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Table S.3: Selected series to apply HOMER homogenization procedure. All series, 

except Bossots (in Italics), have been checked for PPT homogeneity. Temperature 

(Tmax and Tmin) homogenization procedure has been applied in two separately 

groups: short and long series (See section 3.2). Composite PPT series are indicated 

with an asterisk (*) and composite temperature (Tmax and Tmin) series with a 

circumflex accent (^). Support series are provided from SDATSv2 (Brunet et al., 2006) 

and included in all homogenization procedure applied. 

Name 

Group of temperature 

homognization Name 

Group of temperature 

homognization 

Adrall short Lillet* - 

Agramunt* short Lleida*^ long 

Anso short Mediano short 

Aragues short Mencui - 

Arties short Molinos long 

Avellanes*^ short Montgai long 

Barbastro short MontgaiMas* short 

Barrosa - Oliana*^ long 

Belsue long Organya*^ short 

Benasque short Panticosa*^ short 

Berga* - Pineta - 

Bielsa - Ponts*^ short 

Biescas - PSegur*^ long 

Boi short PuigReig* - 

Boltana short Seira short 

Bonaigua *^ long Senet short 

Bossots * short Senterada long 

Cabdella long Solsona*^ long 

Canfranc long Sort*^ short 

CasJaca short Sotonera long 

EGento long Suert*^ short 

Escos - Talarn*^ long 

Esterri*^ short Tavascan short 

Fiscal - Terradets short 
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GavetConca short Urgell*^ short 

GerriC* - Vielha*^ long 

Gistain - Vilaller short 

GistainMol - Barcelona support 

GrausC* long Huesca support 

Hecho - Pamplona support 

Jaca long Zaragoza support 

 

 

Table S.4: Number and percentage (bewteen parenthesis) of the dry/wet/normal for 

PPT regional anomaly series and cold/hot/normal years for Tmax and Tmin regional. 

  

PPT 
  

Tmax Tmin 

 

  1910‒1949 1950‒2013 

 

  1910‒1949 1950‒2013 1910‒1949 1950‒2013 

Annual 

dry 12 (30) 26 (41) 

 

cold 9 (23) 9 (14) 7 (18) 6 (9) 

wet 7 (18) 17 (27) 

 

hot 10 (25) 25 (39) 5 (13) 14 (22) 

normal 21 (53) 21(33) 

 

normal 21 (53) 30 (47) 28 (70) 44 (69) 

Winter 

dry 20 (50) 39 (61) 

 

cold 10 (25) 13 (20) 25 (63) 22 (34) 

wet 10 (25) 22 (34) 

 

hot 10 (25) 25 (39) 3 (8) 17 (27) 

normal 9 (23) 3 (5) 

 

normal 20 (50) 26 (41) 11 (28) 25 (39) 

Spring 

dry 13 (33) 24 (38) 

 

cold 14 (35) 14 (22) 7 (18) 6 (9) 

wet 15 (38) 20 (31) 

 

hot 17 (43) 34 (53) 17 (43) 22 (34) 

normal 12 (30) 20 (31) 

 

normal 9 (23) 16 (25) 16 (40) 36 (56) 

Summer 

dry 16 (40) 30 (47) 

 

cold 14 (35) 15 (23) 6 (15) 6 (9) 

wet 8 (20) 22 (34) 

 

hot 13 (33) 30 (47) 12 (30) 21 (33) 

normal 16 (40) 12 (19) 

 

normal 13 (33) 19 (30) 22 (55) 37 (58) 

Autumn 

dry 14 (35) 29 (45) 

 

cold 17 (43) 19 (30) 17 (43) 12 (19) 

wet 13 (33) 26 (41) 

 

hot 10 (25) 23 (36) 6 (15) 21 (33) 

normal 13 (33) 9 (14) 

 

normal 13 (33) 22 (34) 17 (43) 31 (48) 
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Table S.5: Trend values for each series for the periods 1961‒1990 and 1970‒2013. 

Significant values are shown in bold. 

 

PPT Tmin Tmax 

1961-1990 1970-2013 1961-1990 1970-2013 1961-1990 1970-2013 

Adrall -7.06 -7.84 0.08 0.35 0.41 0.82 

AgramuntC -9.5 -2.64 - - - - 

Barrosa -7.54 -8.01 - - - - 

Belsue -3.8 -7.4 0.21 0.34 - - 

BergaC -8.34 -5.98 - - - - 

Bielsa -7.96 -8.37 - - - - 

Boltaña -13.55 -1.55 - - - - 

Cabdella -6.7 -5.25 0.21 0.64 0.53 0.67 

Canfranc -6.04 -1.72 0.02 0.17 - - 

Egento -17.33 -19.7 - - - - 

Escós -15.32 -8.96 - - - - 

EsterriC -9.01 0.66 - - - - 

Fiscal -11.74 -2.01 - - - - 

GavetConca -6.64 -11.92 -0.15 0.24 0.34 0.7 

GrausC -14.01 -26.62 0.55 0.73 0.18 0.59 

Molinos -6.29 -4.65 0.39 0.78 0.16 1.33 

Montgai -7.05 -18.71 0.42 0.41 0.77 0.79 

OlianaC -14.11 -3.96 0.64 0.32 0.62 0.59 

OrganyaC -7.09 -4.57 - - - - 

PanticosaC -6.07 -3.5 - - - - 

Pineta -12.13 -1.9 - - - - 

PontsC -9.44 -1.59 - - - - 

PSegurC -6.71 -4.78 0.17 0.28 0.07 0.6 

Seira -11.28 -2.29 -0.42 0.21 0.07 0.7 

Senet -7.75 1.25 - - - - 

Senterada -13.37 -11.7 0.15 0.55 0.35 0.97 

Sotonera -3.89 -3.55 0.39 0.26 0.69 0.64 

SuertC -13.72 -2.56 0.01 0.13 0.27 0.44 

TalarnC -9.11 -3.28 0.14 0.35 0.44 0.72 

Tavascan -0.75 -2.2 - - - - 
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Terradets -8.15 -12.19 -0.15 0.2 0.41 0.58 

UrgellC -7.75 -6.42 - - - - 

VielhaC -6.14 -8.15 0.24 0.23 0.4 0.61 

Vilaller -1.96 1.98 0.27 0.28 0.46 0.71 

Hesca -9.7 -7.91 0.25 0.16 0.45 0.45 

Pamplona - - 0.28 0.29 0.58 0.67 
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Chapter 4 – Limnological analysis 

Vegas-Vilarúbia, T., Corella, P., Pérez-Zanón, N., Buchaca, T., Trapote, M.C., López, 

P., Sigró, J., Rull, V. Historical shifts in oxygenation regime as recorded in the 

laminated sediments of lake Montcortès (central Pyrenees): A continental-scale 

phenomenon? STOTEN [submitted] 

  

UNIVERSITAT ROVIRA I VIRGILI 
CLIMATE ANALYSIS IN THE CENTRAL PYRENEES FROM INSTRUMENTAL AND PALEOCLIMATE PROXY DATA 
Nuria Pérez Zanón 
 



Climate analysis in the central Pyrenees from instrumental and proxy data. 

  

90 

HISTORICAL SHIFTS IN OXYGENATION REGIME AS RECORDED IN THE 

LAMINATED SEDIMENTS OF LAKE MONTCORTÈS (CENTRAL 

PYRENEES): A CONTINENTAL-SCALE PHENOMENON? 

Teresa Vegas-Vilarrúbia1*(tvegas@ub.edu), Juan Pablo Corella2, Núria Pérez-Zanón3, 

Teresa Buchaca4, M. Carmen Trapote1, Pilar López1, Javier Sigró3, Valentí Rull5. 

 

1 Department of Evolutionary Biology, Ecology and Environmental Sciences, 

Universitat de Barcelona, Av. Diagonal 643, 08028 Barcelona, Spain. 

2 Institute of Physical Chemistry Rocasolano (CSIC), C/Serrano 119, 28006 Madrid, 

Spain. 

3Centre for Climate Change (C3), Universitat Rovira i Virgili, C/ Joanot Martorell 15, 

Vila-seca, 43500 Tarragona, Spain. 

4 Centre for Advanced Studies of Blanes (CEAB-CSIC), Accés a la Cala St. Francesc 

14, 17300 Blanes, Spain. 

5Laboratory of Paleoecology, Institute of Earth Sciences Jaume Almera (ICTJACSIC), 

C. Sole i Sabarís s/n, 08028 Barcelona, Spain. 

*Corresponding author 

 

 

 

 

 

 

KEYWORDS: anoxia, global change, Holocene, hypoxia, micro-XRF core scanning, 

meromixis, paleolimnology, pigment biomarkers, varves. 

UNIVERSITAT ROVIRA I VIRGILI 
CLIMATE ANALYSIS IN THE CENTRAL PYRENEES FROM INSTRUMENTAL AND PALEOCLIMATE PROXY DATA 
Nuria Pérez Zanón 
 



4. Limnological analysis 

 

 

 

91 

ABSTRACT 

Recent expansion of anoxia has become a global issue and there is potential for 

worsening under global warming. At the same time, obtaining proper long-term 

instrumental oxygen records is difficult, thus reducing the possibility of recording long-

term changes in oxygen shifts that can be related with climate or human influence.  

Varved lake sediments provide the better time frame to study this phenomenon. We 

assessed the oxic/anoxic shifts of the varved Lake Montcortès since 1500 AD and tried 

to determine phases when oxic/anoxic shifts were driven by anthropogenic and when by 

climatic influences. We combined independent biological and geochemical proxies and 

work at subdecadal resolution. 

Four main scenarios emerged: 1) years with abrupt sediment inputs (A); 2) years with 

outstanding mixing and oxygenation of the water column associated with diatom 

growth(B); 3) years with strong stratification, anoxia, intense sulfur bacterial activity 

and increased biomass production (C); 4) years with stratification and anoxia, but 

relatively less biomass production (D). In line with current limnologic trends, we found 

high supra-annual variability in the occurrence of oxygenation events over the last 500 

years (subset B).  Interestingly, at least 45,3% of the years were mixing years and, like 

the meromictic ones, mostly occurred arranged in groups of consecutive years, thus 

alternating years of monomixis with years of meromixis. Most years of D belong to the 

period 1500-1820 AD, when human activities were the most intense. Most years of A 

belonged to the climatic unstable period of 1850 -1899AD. Years of B were irregularly 

distributed but were best represented in the period 1820-1849 AD. Most years of C 

belonged to the 20th century. More than 90% of the years with climatic instrumental 

records belonged to B and C. 

Severe depopulation by1900 promoted the lake recovery lake, yet anoxia increased 

again after 1950.Current climate warming seems to be taking control over the 

oxygenation capacity of the lake, especially since the second half of the 20th century.  

Our results support recent findings at the global scale. 
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Introduction 

Lake mixing is crucial for oxygenation of the water column and therefore, for lacustrine 

health. Oxygenation lies on water column stratification, which determines oxygen 

diffusion to the bottom layers and releases oxygen though respiration. Mixing regimes 

can shift with climate changes (Hakala, 2004) and human intervention (e.g. Jellison et 

al., 1998). Recent increase in hypoxia and anoxia around the world has become a global 

concern and there is potential for worsening undercurrent global warming (Diaz,2001; 

IPCC, 2014). There are ongoing global projects that address these complex phenomena 

with diverse approaches (Friedrich el al., 2014), nonetheless there is little emphasis on 

continental water bodies. A worldwide study conducted on over 300 lakes with 

laminated sediments found that almost all of these water bodies exhibited changes in 

oxygenation (the onset of anoxia or reoligotrophication) that were chiefly due to 

anthropogenic causes (Jenny et al., 2016 a), with urban nutrients as the main primary 

cause across European lakes (Jenny et al., 2016 b). It is worth noting that oxygen 

depletion is considered to be one of the main natural causes of species extinction on 

Earth. In fact, the majority of extinctions appear to have occurred during marine 

transgressive pulses when anoxic bottom water expanded into epicontinental seas 

(Barnosky et al., 2011; Hallam and Wignall, 1997, 1999; Pearce et al.,2008).In fact, 

several contemporary environmental, economic and health issues are related to oxygen 

deficiency  in water bodies, e.g. biodiversity loss from the mortality of benthic 

organisms, the decline of fisheries (Diaz, 2001) and the release of harmful greenhouse 

gases (Camargo and Alonso, 2006). 

In lacustrine systems, mixing regimes have varied over time. Recent research in typical 

monomictic Swiss lakes has indicated that the current climate change has already 

caused a decrease in the frequency of oligomixis (Livingstone 1993) that threatens to 

generate hypoxia in the deep strata (Livingstone, 1997; Rempfer et al., 2010) and in the 

redissolution of sedimentary phosphorus (North et al., 2014). In particular, in Lake 

Zürich, high -quality long -series of temperature and oxygen profiles from the last 50 

years show that temperature has increased at all depths. This increase was more 

pronounced in the epi- and metalimnion than in the hypolimnion; thus, the thermal 

stability of the lake also increased, causing a prolongation of the stratification period 

with a corresponding reduction in the homeothermal break. These results are extremely 

useful for quantifying the effect of current climate change on oxygen concentrations in 
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deep water (Livingstone, 1997; Jankowski et al, 2006; Rempfer et al, 2009, 2010; North 

et al, 2014) evidencing that increase in the thermal stratification period tends to favour 

the onset of hypoxia or anoxia and can eventually lead to meromictic conditions (Adrian 

et al, 2009; Livingstone, 2003; Peeters et al., 2002; Stefan et al., 1998).  

Nonetheless, long -term instrumental data of temperature and oxygen usually do not 

extend beyond a century, and circumstances where they are available are rather 

extraordinary, thus reducing the possibility of recording truly long-term changes in 

present and past hypoxia. Fortunately, oxidisation and reduction (redox) changes, which 

are often biologically mediated (photosynthesis, respiration, fermentation, etc.) leave 

imprints in the sedimentary record. The redox conditions in hypolimnion and sediments 

notably influence the fate of trace metals, the sediments acting as a source or sink, 

depending on the biogeochemical conditions of the lake and on the redox characteristics 

of the involved minerals (Davison, 1993; Schaller et al., 1997; Stumm and Morgan, 

1996). Therefore, the presence of organic and redox-sensitive inorganic indicators in the 

sediment has allowed the reconstruction of environmental features related to 

hypoxia/anoxia further back into the past (see Davies et al. 2015 and literature therein). 

At best, the concentrations of target minerals can be determined in the stratigraphic 

record and compared with the oxygen concentrations measured in the water column to 

evaluate their potential as indicators of deep-water hypoxia (see Friedrich et al., 2014 

and literature therein). Nonetheless, the convergence of statistically sound time series of 

these redox indicators and instrumental oxygen records over the same time period is 

rather exceptional. Where such concurrent series are not available, extended, high-

resolution paleolimnological records offer a valuable tool to assess long-term changes in 

the mixing regime of lakes, their associated oxic/anoxic shifts and the likely drivers of 

change. Hence, the relative contribution of both environmental forcings on oxygenation 

dynamics over the long term remains mainly unknown due to a lack of historical 

monitoring. Therefore, lakes with varved sediments offer an extraordinary advantage 

because they allow for high resolution (annual, decadal) paleoenvironmental and 

paleoclimatic reconstructions with accurate time control (Ojala et al., 2012).  

The objective of this study was to assess the evolution of the oxic/anoxic shifts in a 

temperate lake over the last 500 years, combining independent biological (marker 
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pigments) and inorganic proxies (trace metals) of hypolimnetic anoxia and 

environmental conditions. To this purpose we chose Lake Montcortès (Central 

Pyrenees, Southern Europe) taking advantage of the varved nature of its sediment. 

Understanding true long-term ecological trends requires the integration of past and 

present evidence into single and coherent time series at the same resolution, ideally 

annual to subannual, and lakes with annually-laminated sediments are ideal targets for 

such purpose (Rull, 2014). In this sense, the Lake Montcortès varved record could 

provide the necessary paleoecological data to be integrated with modern measures and 

observations into single past-present, high-resolution continuous records at centennial to 

millennial timescales, which are needed to resolving long-term ecological processes. 

We intend to distinguish different phases in the evolution of oxygen shifts over time 

that can be linked with climatic and/or anthropogenic impacts on the lake’s catchment 

or on the lake itself. Since the relative importance of redox processes depends on the 

biogeochemical conditions of the lake and on the chemical characteristics of the 

involved compounds, we supported our research with a present-day monitoring of the 

lake’s oxygenation regime and several associated environmental variables. The results 

will provide contemporary analogue information that is useful for making insightful 

inferences when studying the paleolimnological records to infer oxic/anoxic shifts. 

 

2. Environmental settings 

Lake Montcortès is situated on the southern flank of the Central Pyrenees, in the Pallars 

Sobirà region of Catalonia (Spain), at 42° 19′ N, 0° 59′ E and 1027 m altitude (Fig. 1). 

The lake lies on karst terrain that is primarily characterised by Triassic limestones, 

marls and evaporites as well as Oligocene-carbonate conglomerates.  (Corella et al., 

2011b; Rosell, 1994). According to the La Pobla de Segur meteorological station (19 

km from Montcortès), the total annual mean precipitation is 668.5 mm, February is the 

driest month and May is the wettest. The annual mean temperature is 12.8ºC (19.5ºC in 

July and 2.9ºC in January; meteocat, 2015a). The surrounding vegetation is evergreen 

with deciduous oak forests (Quercus rotundifolia and Q.pubescens), conifer forests 

(Pinus nigra), pastures and crops. The littoral belt vegetation is dominated by 

hygrophyte communities of Typha domingensis or Cladium mariscus, reed beds of 

Phragmites australis, communities of Carex riparia, and rush formations and 
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grasslands on sporadically flooded soils (Mercadé et al., 2013). The lake surface area is 

12.36 ha, with a maximum water depth of ~30 m. There is no permanent inlet and the 

maximum lake level is controlled by an outlet stream located on the northern shore. 

Biogenic varves from the Late Holocene are well-preserved in the lake’s sedimentary 

record (Corella et al., 2011b, 2012). These varves are composed of (i) endogenic calcite 

and (ii) organic detritus; furthermore, detrital layers and turbidites are embedded in the 

varve succession (Corella et al., 2012).  

 

Figure 1: Location (A, B) and land-use map (C) (Corine, EEA, 2000) of L. Montcortès. 

Bathymetric map (D) showing the position of the studied cores. 
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3. Materials and Methods. 

3.1. Indicators of changes in oxic/anoxic conditions of the lake.  

We took advantage of recent developments of high resolution -XRF core scanning 

techniques as applied to palaeolimnology (Davies et al., 2015) and used several known 

elements, namely iron (Fe), manganese (Mn), bromine (Br), calcium (Ca), sulfur (S), 

silica (Si) and titanium (Ti), and derived elemental ratios to survey shifts in the 

oxic/anoxic conditions of the lake over the last 500 years as reflected in the sediment 

record. We focused mainly on Fe and Mn using the Fe/Ti, Fe/Mn and Mn/Ti ratios, 

which are affected by redox changes (Davidson 1993). Since variations in the oxygen 

content of the water column are mainly driven by photosynthesis and decomposition of 

organic matter, we also tested bromine (Br) as tracer of organic content in the sediment 

(e.g. Moreno et al. 2007), the Ca/Ti and Si/Ti ratios as indicators of biologically 

mediated calcite and silica production respectively, and the S/Ti and S/Fe ratios as 

indicators of increased organic matter and presence of sulfur compounds such as pyrite 

(Davies et al., 2015), respectively. Finally, we examined selected marker pigments in 

the sediments as complementary biomarkers (Leavitt 1993) based on previous 

knowledge of the lake’s microbial life (Camps et al., 1976; Cristina et al., 2000; Serra et 

al., 2001). We selected isorenieratene, produced by the brown-coloured- photosynthetic 

green sulfur bacteria (GSB, Chlorobiaceae) as a tracer of euxinia, and okenone, 

synthesised by purple sulfur bacteria (PSB, Chromatiaceae), as indicators of anoxia. 

Additionally, beta-carotene is ubiquitous in all algae and a proxy of primary producer’s 

biomass. Finally, oscillaxanthin, which is found in Oscillatoriales, was used as a marker 

pigment of this order and in general for the presence of cyanobacteria. 

 

3.2. Coring, age model correlations and sampling of the water column  

A composite sedimentary sequence from two UWITEC gravity cores (MON12-3A-1G 

and MON12-2A-1K, 1m length), another one MONT-0713-G05 (1m length) and a long 

Kullenberg core (MON04-1A-1K, 6,69 m length) were retrieved from the deepest distal 

lake basin (~30 m water depth) (Fig. 1). The gravity cores MON12-3A-1K and 
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MON12-2A-1K were stored on the lakeshore to favour consolidation and avoid 

sediment disturbances during transport to the core repository. The sediment cores were 

split lengthwise. The age-depth model was based on two independent dating techniques: 

i) varve counting performed on calcite layers and ii) radiometric dating with 210Pb and 
14C. (see Corella et al. 2012, 2014 for further description). Poor varve preservation 

intervals represent only 1% of the studied sequence and they were interpolated by using 

the mean varve thickness of the upper and lower centimeters of these intervals. The 

upper 88 cm of sediment in the MON12-3A-1K core and the upper 94 cm in MONT-

0713-G05 core spanned from 1500 AD until present. Sedimentation rates (SR) in core 

MONT-0713-G05 show fluctuating values according to the lithostratigraphic units 

defined in Corella et al., (2014). The highest SR were recorded during the period 1902-

1844 (SR= 0.8) while lower SR occurred over the periods 1500-1843 (SR 0.1 cm/yr) 

and 1903 -2012 (SR= 0.12 cm/yr). Stratigraphic correlation among the cores was 

performed using lithological correlation of distinct event layers through detailed 

inspection of the thin sections, which were obtained at the Deutsches GeoForschungs 

Zentrum (Potsdam). 

Monthly limnologic field campaigns were carried out between October 2013 and 

April2016.Water column profiles with a 1 m resolution were obtained for temperature 

and dissolved oxygen concentrations (O2) using a multi-parameter water quality sonde 

Hydrolab DS5 (Hatch Environmental, Colorado, USA). Water samples for dissolved 

iron (Fe) and manganese (Mn) were collected in the hypolimnion and were filtered 

through GF/F Whatman filters. Pigments from the water column were captured monthly 

(October 2013 and September 2015) with a cylindrical sediment trap placed at 20 m 

depth in the hypolimnion (Bloesch and Burns, 1980). Immediately after sampling, the 

collected material was filtered through Whatman GF/F filters and frozen. 

 

3.3. Laboratory analyses  

Dissolved Fe and Mn concentrations were determined by Inductively Coupled Plasma 

Atomic Emission Spectroscopy with a Perkin Elmer Optima 8300 spectrometer under 
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standard conditions, at the Scientific and Technological Centre of the University of 

Barcelona. 

A 0.2 mm resolution X-ray fluorescence (XRF) analysis was performed on the open 

core MON12-3A-1K, using a XRF AVAATECH core scanner (2000 A, 10-30 kV and 

20-50 s measuring time). This technique provides semi-quantitative information given 

as counts per second (CPS) to obtain high resolution (subdecadal) time series data for 

the following elements: Fe, Mn, Ca, Si, S, Ti and Br. Fe, Mn Ca, S and Si data were 

normalised to Ti because they can be incorporated into the lake from the surroundings 

in the form of unaltered mineral grains, oxides, colloids, or organic complexes. Instead, 

Ti remains stable once deposited in the lake bottom and is an unambiguous indicator of 

allochtonous inputs.  

Pigments were extracted from the frozen filters in 5-mL of 90% acetone using probe 

sonication (Sonopuls GM70 Delft, The Netherlands) (50W, 2 min). The extract was 

centrifuged (4 min at 3000 rpm, 4ºC), filtered through Whatman ANODISC 25(0.1 µm) 

and analysed with ultra-high-performance liquid chromatography (UHPLC). The 

UHPLC system (Acquity Waters, Milford, MA, USA) was equipped with an UPLC 

HSS C18 SB column (dimensions: 2.1 x 100 mm; particle size: 1.8 µm) and with PDA 

(l: 300-800 nm). The PDA channel was set at 440 nm for pigment detection and 

quantification. After a sample injection (7.5 µL), the pigments were eluted with a linear 

gradient from 100% solvent B (51:36:13 methanol: acetonitrile: MilliQ water, v/v/v 0.3 

M ammonium acetate) to 75% B and 25% A (70:30 ethyl acetate: acetonitrile, v/v) for 3 

min, followed by 0.45 min of isocratic hold at 75% B and 2 min of linear gradient to 

100% of solvent A. The initial conditions (100% B) were linearly recovered in 0.65 

min. The flow rate was 0.7 mL min-1. Pigments were identified checking retention times 

and absorption spectra against a library based on photosynthetic bacterial cultures 

(Institut d’Ecologia Aquàtica, University of Girona, Catalonia, Spain).  

 

Climate 

To investigate what extent climate had an influence on the indicators of anoxia and 

related variables during the instrumental measurement period, we used the regional 

anomaly series of precipitation and maximum and minimum temperature for the central 
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Pyrenees (Pérez-Zanón et al., 2016) covering the period 1910-2013.Climate series were 

built using quality controlled and homogenised data from observatories placed around 

the study area and were obtained over annual and seasonal time periods. Theses series 

represent the longest high-quality climate data set currently available for the Central 

Pyrenees. We also searched for likely climatic influence on oxic/anoxic shifts for the 

last 500 years; to this end, we used the northern hemisphere air surface temperature 

reconstruction (NHTA) of Mann et al. (2009). This high resolution reconstruction has 

been widely used (e.g. Jungclaus et al., 2010; IPCC, 2014; Hiner et al., 2016; Marlon et 

al. 2012), since it properly captures the mean regional climatic features of the period of 

study. 

 

Data analyses 

Some critical papers warn that the use of ratios (Y/X, percentages, proportions, etc.) can 

lead to a wide variety of problems and recommend exploring and making explicit the 

relationship between numerator and denominator, as well as their joint distribution (e.g. 

Curran-Everett, 2013; Liermann et al., 2004, and literature therein). In our case, the 

denominator only plays a role as a common reference, except in the case of S/Fe and 

Fe/Mn, which were not normalised and where the numerator and denominator exhibited 

weak or no correlation, respectively. To visualise and compare the patterns of the ratios 

in the sediment record, we computed Pearson correlation coefficients (r). We relied on 

the Central Limit Theorem to accept that the ratios and pigments series approach a 

normal distribution, since the number of data is large (entire XRF measurement series, 

n=4282; series with annual mean ratios values, n= 505; two to ten years of integrated 

series for pigment analysis, n=80) (Davis 2002). Moreover, all of the data were log10 

transformed prior to applying multivariate analyses, which were performed with the free 

statistical software PAST, version 3.15 (Hammer et al. 2001).  Principal Components 

Analysis (PCA) was chosen as exploration method after verifying that the underlying 

gradient length of our data was < 3 standard deviations with Detrended Component 

Analysis, (Legendre and Legendre 1998). We examined if the resulting groups of scores 

(A, B, C, D) significantly differed from each other by pairwise comparing the averages 
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of their elemental ratios by means of the Welch's t-test (Quinn and Keoghs, 2002). 

Numerical zonation of the stratigraphic sequence was implemented by the constrained 

hierarchical clustering method CONISS applied on PCA axes, and the number of 

significant zones was determined by the broken-stick model (Bennet 1996). Both 

methods were provided by the R package rioja (Juggins, 2009).  

 

4. Results 

4.1. Seasonal variations in Fe, Mn, O2 and bacterial pigments (2013-2016) 

The current O2, Fe and Mn concentrations were measured to explore their seasonal 

behaviour and relationship with the occurrence of bacterial pigments in (Fig. 2). 

Oxygen depletion started in the hypolimnion in early spring and an anoxic layer (< 1.5 

mg/L) developed during the stratification period reaching different depths, depending 

on the year. Hypolimnetic oxygen was restored to physical saturation levels by two 

complete mixing events that occurred in the winter of the years 2014 and 2015, 

triggering Fe and Mn precipitation in the form of an oxidised compound. Sulfur bacteria 

thrived in the hypolimnion only when anoxic conditions prevailed and the dissolved Fe 

and Mn concentrations reached maximum concentrations. The presence of 

oscillaxanthin was not detected in the water columns. Interestingly, anoxic conditions 

persisted thorough2016. With the onset of anoxia, the precipitated Mn and Fe oxides 

started to redissolve.  
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Figure 2: Seasonal variations of mean values of Fe, Mn, O2and bacterial pigments 

okenone (oken) and isorenieratene (isore) in hypolimnetic waters, between October 

2013 and September 2015. 

 

 

4.2. Elemental ratios in the sediment record 

 The PCAs helped explore the relationships between elemental ratios, among them and 

with marker pigments. To characterise the microstructure of the sediment, the first PCA 

was performed on the ratios derived from the individual XRF measurement units (each 

0.2 mm). The eigenvalues of the first two axes obtained with PCA (I) (Fig.3a) were > 1 

and the cumulative explained variance was 76.7%, with component C1 explaining twice 

as much variance (55.4%) as C2 (21.3%). C1 was strongly and positively correlated 

with Ca/Ti (r = 0.919), Si/Ti (r = 0.901) and S/Ti (r = 0.893) which taken together can 

be interpreted as indicators of primary production; it also correlated with Mn/Ti (r = 

0.888) indicating the enrichment of the sediment with oxidised Mn precipitation. C2 
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was positively correlated with Fe/Ti (r = 0.802) and Fe/Mn (r = 0,671); both ratios are 

symptomatic of iron mobilization processes. C2 was also negatively correlated with Br 

(r = -0.465) suggesting enhanced organic matter supply, and with S/Fe (r = -0.382), 

which may be related to the formation of iron disulfides under changing redox 

conditions. The scores represent the positions of the ratio values obtained along the 

entire sequence and are distributed among the four quadrants of the biplot (A, B, C, D), 

forming four different subsets of scores that could be analysed and interpreted in terms 

of the combination of processes related to C1 and C2 (Figure 4b) 

The contribution of each subset to every single year during the last 500 years in terms of 

frequency of types of scores per year was calculated as A= 39.3%, B=24.6%, C=13.5% 

and D=22%.  

A second PCA (II), (Fig.3b) was performed on the annual means of the ratios values, in 

order to identify variations in the sediment layers across supra-annual time scales in 

terms of redox reactions, productivity and organic matter. In this analysis, the scores 

represent individual calendar years (1500 to 2007 AD) instead of single XRF 

measurements. The eigenvalues of the first three components were > 1 and the 

cumulative variance explained was 87.0% with C1 accounting for 46.6% of the variance 

and C2 for 25.5%. Both PCA were similar in terms of the loadings (correlations) on 

each component (Table A.1, supplementary materials) indicating that the meaning of 

the results was preserved despite the drastic reduction in the number of analysed cases 

(88,2%), but the resulting scores were more evenly distributed among the four subsets 

A, B, C and D (23.5%, 24.3%, 25.3 % and 26.9 %, respectively). We further tested if 

the four subsets significantly differed from each other by comparing the respective 

elemental ratios averages. In almost all cases, p-values were low and allowed H0 (equal 

means) to be rejected (α < 0.05); only in the cases of Fe/Ti for subsets B and D, Mn/Ti 

for A and D and Ca/Ti for C and D results were inconclusive. 
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Figure 3: PCA analyses performed on a) all elemental ratios, with dots representing the 

XRF measurement depths; b) the annual averages of the elemental ratios with dots 

representing years AD. The arrows indicate the direction and rate of change of the 

elemental ratios. The biplots are divided in four quadrants from upper left clockwise A, 

B, C, D. 

 

Finally, one further PCA was carried out to help make inferences from the former two. 

We combined the marker pigments and the corresponding annual means of the ratios 

(PCA III, Fig.4a) in order to identify periods where anoxia, euxinia and lake 

stratification were more intense and the biomass of primary producers was higher. 

Sediment samples for pigment analysis were taken at the maximum possible resolution 
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(every 5 mm) but nevertheless, the reduction in cases because of sediment lumping was 

81% with respect to PCA II. Therefore, the element ratio values were averaged for the 

number of years integrated by each sample, which was an average of 6.2± 3.0 years, to 

make correlations possible. The results were consistent with those of the former two 

PCA; the eigenvalues of the first three components were > 1 and the cumulative 

variance explained was 79.0%, with C 1=47.4%. C 2=20.1.7% and C3= 11.2%. The 

ratios loadings on each component are shown in Table S1. The loading vectors of β-

carotene (r =0.844), okenone (r = 0.605), isorenieratene (r=0.616) and oscillataxanthin 

(r=0.607) were positively correlated with C1, together with Ca/Ti (r=0.940), Mn/Ti(r = 

0.815) and Si/Ti (r = 0.723). The pigments were negatively correlated with C2 as 

opposed to Fe/Ti (r=0.940). S/Ti (r=0.614) and Si/Ti (r=0.640) were the opposite with 

positive correlations. The fact that the pigments appear in quadrant C and not in D may 

suggest some variability in characteristics of the anoxic environments., being D 

probably less productive. 

It was possible to single out which years experienced significant mixing events (subset 

B) and which ones probably remained meromictic or poorly mixed up. Figure 5a shows 

the microstructure of the sediments deposited within each single year in terms of the 

relative proportion of types of scores (A, B, C, D) of PC I, thus yielding subannual 

information. On the other hand, if the scores of PCII (years) are joined in decades or 

half centuries, it is possible to follow the supra-annual variability in the oxygenation 

conditions represented by each subset since 1500 AD.  
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Figure 4: (a) PCA analysis performed on the marker pigment concentrations okenone 

(oken), isorenieratene (isore), oscillaxanthin (oscil) and β-carotene (β-car) in the 

sediment samples and the integrated (i) annual means of the elemental ratios. The 

arrows indicate the direction and rate of change of the elemental ratios. (b): Graphic 

synthesis of the inferences derived from PCA analyses. The biplots are divided in four 

quadrants from upper left clockwise A, B, C, D. 
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Figure 5: Annual (a), decadal (b) and centennial (c) evolution of the conditions 

represented by the subsets A, B, C and D, since AD 1500. 4a) the bars represent the 

relative contribution of the four subsets (PCI) on an annual base; 4b and 4c) the bars 

show the percentage of years of each subset (PC II) that fall within a particular decade 

or half century, respectively. 

 

Finally, with the aim of summarising and analysing the temporal oxygenation trend of 

Lake Montcortès since 1500 AD to present in a more quantitative and objective fashion, 

we splitted the stratigraphical sequence into smaller but significant zones (time periods) 

by using C1 and C2 of PCII as inputs. Figure 6 shows the obtained cluster and the four 

statistically significant periods (SP) that emerged after applying the broken -stick 

model, namely 1500-1820, 1821-1847, 1848-1904 and 1905-2007 AD. 
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Figure 6: Results of numerical zonation of the lake Moncortès stratigraphic record 

performed with CONISS and Broken Stick model on the principal components (C) of 

PCA II. The dendrogram splits the last 500 years in four statistically significant and 

distinct period (SP). 

 

 

4.3. Relationship between indicators of oxygen shifts and climate variability 

4.3.1. Relationships with climate variability since 1500 AD 

Global temperatures have varied over the past 500 years. With the aim to assess any 

trend of the lake’s oxic/anoxic conditions associated with shifts in atmospheric 

temperature, we screened the Northern Hemisphere Temperature Anomaly (NHTA) 

series of Mann et al. (2009) for correlations with C1, C2, the elemental ratios and Br 
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(Fig. A.1), over the four SPs identified (α ≤0.05 (Table 1). Main significant correlations 

appeared during the 20th century and 1821-1847 SP, with negative and positive 

coefficients, respectively.  

Table 1: Summary of correlations with NHTA for each significant period (n.s.: not 

significant) 

   1500-1820 1821-1847 1848-1904 1905-2007 

C1 n.s. n.s. n.s. -0,455 

C2 n.s. n.s. n.s. -0,437 

Fe/Ti n.s. n.s. n.s. -0,39583 

Fe/Mn  n.s. n.s. n.s. n.s. 

S/Fe n.s. n.s. n.s. n.s. 

S/Ti n.s. n.s. n.s. -0,507 

Mn/Ti n.s. 0,540 n.s. -0,399 

Ca/Ti n.s. 0,503 n.s. n.s. 

Si/Ti n.s. 0,446 n.s. -0,455 

Br n.s. 0,475 n.s. 0,589 

 

4.3.2. Relationships with instrumental climatic data 

To investigate to what extent the oxic/anoxic shifts in Lake Montcortès could be 

associated with present climatic variability; we first looked for any relationships 

between the available instrumental record of climatic variables and the Fe/Ti; Fe/Mn 

and Mn/Ti ratios. The results obtained for the Fe/Ti ratio were much clearer than those 

for the Mn/Ti and Fe/Mn ratios, probably because Fe and Ti were entirely uncorrelated 

since 1900 and hence better reflected the redox transformations of Fe within the lake, 

i.e. concurrent precipitation with oxygen input into the hypolimnion. Hence, we selected 
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the cases (years) in which the Fe/Ti ratio exceeded the 95th percentile of the sample 

values as representative of those years in which mixing very likely occurred and 

obtained the following: 1925, 1957–1959, 1974 and 1981. We arbitrarily included the 

year 1979 in this set, as we know for sure that it was a mixing year (Modamio et al., 

1988). At the other end, we selected the years not reaching the 5th percentile, because 

they can provide confidence for non-mixing years: 1945, 1970, 1976 (mixing year also 

according to Camps et al., 1976), 1995 and 1998 (Fig. 7a). To sum up the information 

contained in the climatic regional anomaly series and to compare it with these results, 

each year of the regional anomaly was classified by thresholds of -10% of the 

precipitation anomaly and -0.45ºC of the minimum temperature anomaly; these 

thresholds were very close to those used in the area (Meteocat, 2015b). On the other 

hand, the temperature minima follow a lower trend than the temperature maxima, thus 

avoiding overestimation of extreme cold events at the beginning of the series. Using 

these criteria we obtained four different climatic combinations: dry and cold (ppt < = -

10% and Tmin <= -0.45ºC), dry and warmer (ppt <= -10% and Tmin > -0.45ºC), wetter 

and cold (ppt > -10% and Tmin <= -0.45ºC) and wetter and warmer (ppt > -10% and 

Tmin > -0.45ºC) years (Fig.7b). Except for the 1957-1959 period, the preceding year, 

previous to the mixing events, turned out to be a cold and dry year, suggesting that the 

occurrence of a cold and dry year could be a likely precursor or considered external 

forcing of a mixing year. The 1957–1959 period of extreme Fe/Ti values did not exhibit 

a clear relationship with climate variables, indicating that other types of environmental 

conditions could also trigger a mixing event (e.g., strong winds), or that Fe enrichment 

of the sediment might be due to other processes. On the other hand, the lower ends of 

the Fe/Ti values, denoting persistent anoxia, were preceded by a period of warmer years 

(up to 13 years), but other factors could be involved. 
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Figure 7: a) Annual evolution of the Fe/Ti ratio during the period 1910–2009. The 

dashed lines show the 5 and 95 percentile of the sample values. b)Evolution of the year 

classification by the thresholds applied over the annual regional anomaly series of 

minimum temperature and precipitation. The blue squares (red circles) indicate the 

considered mixing (not mixing) years. 

 

This outcome raised the question about the existence of particular climatic patterns (i.e. 

maximum and minimum temperature and seasonal precipitation anomalies) that 

characterize the years belonging to each of the four subsets defined by PCA II, at least 

for the period of instrumental measurements. The result that emerged from this inquiry 

are represented in Figure 8a; more than 90% of the targeted years belonged to subsets B 

(35 years) and C (58 years), and the years of subset C were roughly warmer and drier 

than those of subset B, which was typically due to warm and dry winters. When 

analysing the temporal succession of these years and its relationship with the 

corresponding oxic/anoxic conditions (Fig. 8), we were able to outline five fairly 

conspicuous sequences: 1910–1927 with dominant B years; 1928–1946with more 
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frequent C years; 1947–1964 with prevailing B years again; 1965–1981with years of 

subsets B and C occurring in short alternating groups; and finally, 1982–2007 with a 

clear dominance of subset C years. Between 1965–1981, the regional anomaly series 

indicated low dispersion around the null anomaly, resulting in alternating short periods 

of subsets B and C, which could be understood as the natural variability of the lake.  

 

Figure 8: a) Boxplots of annual and seasonal precipitation (top) and minimum (middle) 

and maximum (bottom) temperature for the subsets B (yellow) and C (green),and dots 

for values of the respective variables subset A (red diamonds) and B (blue triangles). 

Course of the subsets over the period 1910–2008. b) Boxplots of annual and seasonal 

precipitation (top) and minimum (middle) and maximum (bottom) temperature for all 

the identified periods. 
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5.Discussion 

5.1. Biogeochemical processes at various temporal scales and their oxic/anoxic 

imprints. 

The limnological cycle (2013 to 2016) indicated that the contemporaneous 

precipitation/redissolution dynamics of Fe and Mn in the water column performed as 

expected. Fe and Mn become increasingly soluble in reducing lake conditions 

(Davidson, 1993), with Mn more readily reduced than Fe under anaerobic conditions 

(Boyle, 2001). Hence, an increase in the Fe/Mn in sediments has been interpreted as 

indicative of the onset of reducing conditions, followed by Fe/Mn decline as anoxia 

becomes permanent (Cohen, 2003, see review in Davies et al. 2015). Based on these 

same properties, increases in Fe/Ti and Mn/Ti ratios have been interpreted as enhanced 

oxic conditions, highlighting the importance of redox processes relative to catchment 

supplies. In this regard, the C2s of all three PCA exhibit a gradient in the redox 

behaviour of Fe. On the one hand, increases (positive C2 side) in Fe/Ti and Fe/Mn 

reveal the precipitation of iron oxides under oxic conditions and the onset of anoxia, 

respectively. On the other hand (negative C2 side) their decrease indicates progress 

towards anoxia accompanied by strong stratification status. Mn/Ti grows towards the 

positive side of C1 in all three PCA and implies increasing oxygenation of the water 

column. With this information and looking at the biplot, it becomes evident that quadrat 

B mainly represents the occurrence of relevant oxygenation events (high Mn/Ti and 

Fe/Ti values) whereas quadrants A, C and D (Fe/Mn) would inform different degrees of 

oxygen depletion of the hypolimnion. Si/Ti and S/Ti vectors also raise in quadrant B. 

Si/Ti has often been used to assess past biogenic and diatom productivity (see review in 

Davies et al., 2015), In our case, this ratio can be related to diatom spring growth. 

Interestingly, in Lake Montcortès planktonic diatoms are well represented in the 

stratigraphic record of the last centuries embedded in the calcite layers, showing an 

overwhelming prevalence of C. cyclopuncta followed by C.radiosa (syn. compta) 

(Scussolini et al. 2011).Currently, the same Cyclotella taxa produce conspicuous spring 

growth following silica peaks that move up to the surface during winter turnover 

(Trapote et al. 2015a), and these outbreaks produce marked oxygen peaks in the water 

column. 
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Although sulfur has several sources and forms, S/Ti might be considered here as an 

indicator of organic matter production because it has been associated with settling 

organic matter (seston) mainly in oligotrophic lakes, (Mitchell et al., 1990). Authigenic 

S input into the sediment is probably bound to labile sulfur bearing molecules derived 

from dead planktonic cells, especially during spring. Another source could be associated 

with the delayed deposition of dead purple sulfur bacteria that died during oxygenation 

events, some genera accumulate sulfur globules stored intracellularly (Madigan  and 

Jung, 2009). Finally, a further source of S that is consistent with oxic environments 

could be the flux of sulfate to the sediments from the reoxidation of dissolved sulfide 

during mixing events. In summary, we conclude that the years with scores located in 

quadrant B represent years with relatively outstanding mixing and oxidation of the 

water column, and therefore, with enhanced fertilisation of the epi- and metalimnion 

due to nutrient injection from the hypolimnion, once stratification is defeated, resulting 

in increased diatom biomass. Currently, these processes take place in winter and early 

spring (Trapote et al, submitted) and probably did so during the last 500 years as well. 

In all three PCAs the Ca/Ti vector was best and positively correlated with C1, together 

with S/Fe, Br and with β-carotene, isorenieratene , okenone and oscillaxanthine. The 

Ca/Ti ratio was widely accepted as an indicator of endogenic calcite production (see 

review in Davies et al., 2015). In our case, the increased Ca/Ti and its correlation with 

β-carotene were indicators of enhanced biogenic calcite production, which very likely 

accounts for the formation of calcite varve sublayers. The lake’s sedimentary record 

contains finely laminated varves with mm-thick sublaminae of calcite and importantly, 

the average thickness of calcite sublayers has nearly doubled since the 19thcentury 

(Corella et al. 2011b, 2012). Parallel studies using sediment traps in Lake Montcortès 

(Trapote et al 2015b, Trapote et al. submitted) are trying to correlate evidence of the 

timing, intensity and factors that drive calcite saturation and precipitation. Results 

indicate that currently, calcium carbonate precipitation is indeed biologically induced, 

and it mainly occurs in the metalimnion during summer-autumn, when the water 

column is warmest and is intensely stratified.  

Because the Br content has been proposed as a potential proxy for the relatively large 

changes in organic content in lacustrine sediments (Gilfedder et al., 2011; Phedorin et 
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al., 2000, 2008) we inquired if this relationship would hold in Lake Montcortès 

sediment. We looked for statistical correlations (r) with existing datasets of organic 

content related variables, i.e., total organic carbon (TOC), C/N, total sulfur (TS), and 

also with  total inorganic carbon (TIC) and the incoherent/coherent scattering ratio 

(inc/coh) (Davies et al., 2015), whose data were available from a twin core (MONT04-

1A) at a lower resolution (Corella et al., 2011b) .Indeed Br was significantly (p< 0.05) 

and positively correlated with C/N (r =0.674) and with the inc/coh ratios (r = 0.460),TS 

(r = 0.400), TIC (r=0.360) and TOC (r = 0.323); the correlation of Br with the Ca/Ti 

ratio was rather low (r = 0.217, (p< 0.05). Hence, our results suggest that Br is roughly 

associated with allochtonous organic matter input and with its storage in the sediment of 

Lake Montcortès. Consequently, the concurrent positive correlation of Ca/Ti, Br and 

S/Fe in all three PCA suggests first the accumulation of organic matter due to enhanced 

detritus sedimentation and second, the slowing of its mineralisation caused by intense 

oxygen depletion of the hypolimnion (note their negative correlation with Fe/Mn). In 

the absence of oxygen, oxidation is taken over by the most favourable electron 

acceptors, i.e.,NO3
-, MnO2, FeO(OH), SO4

-2 and CO2, via sequential redox 

reactions(Holmer and Storkholm, 2001). In fact, Lake Montcortès harbours abundant 

populations of sulfur bacteria since 1500 AD (Fig. A.3), and the good correlation of 

these pigments with S/Fe and Br in the third PCA also supports our inferences. 

Furthermore, the diversity and cycle of current anoxygenic phototrophic sulfur bacteria 

in Lake Montcortès is known (Cristina et al., 2000). In a much-reduced environment, 

sulfate can be converted to H2S by sulfur-reducing bacteria, and the rate of this process 

is governed by both the availability of organic matter and by sulfate (Bates et al., 

1995).The presence of sulfur bacteria also demonstrates hypoxic/anoxic conditions. 

Isorenieratene is a carotenoid uniquely biosynthesised by the brown-coloured strains of 

the photosynthetic green sulfur bacteria (PGB, Chlorobiaceae). These bacteria are strict 

anaerobes that live under an extremely low intensity of light and require sulfide. Their 

presence indicates a euxinic water column that extends into the photic zone (e.g., 

Repeta, 1993, Sinninghe Damste et al 1993). Furthermore, purple sulfur bacteria (PSB, 

Chromatiaceae) are the only producers of the carotenoid okenone, a biomarker also 

targeted for photic zone euxinia(Van Gemmerden and Mas, 1995). Both green and 

purple sulfur bacteria are commonly found in the monimolimnion of meromictic lakes 

(Meyer et al., 2011. Where neither sulfate nor Fe or organic matters are in short supply, 

iron sulfide minerals can form in both the water column and the sediment (Suits and 
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Wilkin, 1998; Cohen et al., 2003), and are mostly biologically mediated. As a matter of  

fact, we trapped framboidal pyrite granules in the water column (unpublished results), 

and  former X-ray diffraction analyses further confirmed the presence of pyrite in the 

sediments of Lake Montcortès (Corella et al., 2011b).Therefore, S/Fe is highly variable 

and affected by a wide array of microbiologically mediated reactions and can be 

interpreted here as an indicator of intense sulfur bacterial activity in accordance with 

increased lake productivity, stratification and hypolimnetic anoxia, which in summary 

are the main characteristics of the years scored in quadrat C according to their 

sedimentary imprint. Oscillaxanthin also appears in quadrant C. In Lake Montcortès, 

Oscillatoriales were present throughout almost the entire study period, rose abruptly by 

1987, and then unexpectedly disappeared by 1992 (Fig. A.3). The fact that 

oscillaxanthin correlates well with sulfur bacteria in PCA III indicates that 

Oscillatoriales also prospered well under strong stratified and anoxic conditions. 

Oscillatoriales thrive well in stratified lakes due to their ability to stabilise their vertical 

position (e.g.,Planktohrix rubescens, P.agardhii) and some migrate upwards and 

downwards along stratified and illuminated water layers in response to environmental 

condition (Lavoie et al., 2007 and literature therein; Mur et al., 1999; Reynolds, 

1984).Camps et al. (1976) and Modamio et al. (1988) reported massive blooms of the 

filamentous P. rubescens in the metalimnion of Lake Montcortès during the seventies 

but today they are absent.This species  has been known to develop stable summer 

populations and acclimate to low radiation (Zotina et al., 2003), , becoming persistent in 

turbid, eutrophic watersheds and  thereby outcompeting planktonic algae in light limited 

environments (Mur et al., 1978, 1999). Many cyanobacteria can out-compete other 

phytoplankton organisms under conditions of phosphorus or nitrogen limitation owing 

to their high affinity for these nutrients (Mur et al., 1999). Furthermore, their presence 

or absence may depend on the forms of available nitrogen that reach a lake derived from 

human activities..In Lake Montcortès, the nutrient supply may have significantly shifted 

quantitatively and qualitatively over time (see section 5.2).  

In quadrant A, the only growing ratio is Fe/Mn, whereas the ratios that grew in quadrant 

C decreased in A. However, making inferences is not straightforward. The conditions 

represented by A occur most frequently between 1850 to 1899, where the sedimentary 

record shows an abrupt increase of turbidites interbedded within the varve sequence. 
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Turbidites are sediments that were transported and distributed by density flows. In 

lakes, their origin can be seismically-induced or generated by severe storms (Osleger et 

al., 2009). Most likely, in our case the input and deposition of external clastic material 

altered the values of the ratios downcore, first with abrupt additions of allochtonous 

entries of mineral oxides, quartz feldspars, calcite and sulfur from the catchment, and 

secondly because of the dilution effect of the deposition of large quantities of fresh 

sediment. 

 

5.2. Trends in oxic/anoxic shifts in Lake Montcortès during the last 500 years 

The study of the limnological cycle of Montcortès performed in this work and in former 

studies (Trapote et al., submitted; Camps et al. 1976; Modamio et al. 1988; Cristina et 

al. 2000) and sedimentology (Corella et al, 2011b; 2012) showed that Lake Montcortès 

reached seasonal anoxia and even euxinia every year that sometimes persisted year 

round (meromixis), or instead got interrupted by thorough winter mixing and 

oxygenation of the water column (monomixis). This evidence suggests that turnover 

events are rather short and occur with irregular frequency. Moroever they occur when 

biological activity is dampened, thereby preventing bioturbation of the sediment layers 

deposited under anoxic conditions, even under mixing conditions. Proof of this is the 

varved record of the last 500 years that has only been interrupted by turbidites and 

clastic inputs (Corella et al., 2014).  

In line with these findings, figure 5 highlights the high supra-annual variability at which 

significant oxygenation events seem to have taken place over the last 500 years (subset 

B).  Interestingly, 45,3% of the years appear as mixing years and, like the meromictic 

ones, mostly occurred arranged  in groups of years that enclose consecutive years  of 

monomixis, followed by groups of consecutive years of meromixis ( up to one decade in 

both cases). This highlights the importance of turnover variability of the water column 

in an environment of annually recurrent spring-summer anoxia. Furthermore, ,a 

relatively good match exists between the temporal distribution pattern of these groups 

(Fig 5) with the SP obtained (Fig 6). Subset A (storminess, turbidites) was more 

frequent between 1850-1900 and matches the SP 1848- 1903. Subset D (relatively less 

primary production, stratification, anoxia) depicted the 18th century backwards, 
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matching SP 1500 to 1820. Subset B (oxygenation, fertilization, diatom growth) was 

quite variable but was best represented between 1820-1849 matching the1821-1847 SP.  

Subset C (oxygen depletion, higher production, stratification, sulphur bacteria) was very 

important during the 20th century.  

 

5.3. Humans or climate, which drove, which drives? 

Meteorological forcing determines the strength of thermal stability in lakes and in doing 

so it leaves a notable imprint in the dissolved oxygen’s temporal and spatial 

distribution. On the other hand, enhanced nutrient and organic matter input into lakes 

promotes eutrophic conditions that trigger hypolimnetic anoxia. In our case, confronting 

the temporal evolution of Lake Montocortès’ biogeochemical conditions (A,B,C,D) 

with available climatic and anthropogenic information related to the lake’s  environment 

may help assess whether the observed oxic /anoxic shifts were driven by climate or by 

human influence, or both (Fig.9).To this end, this section was split into the four main 

periods obtained by CONISS and Broken-stick model.  

 

UNIVERSITAT ROVIRA I VIRGILI 
CLIMATE ANALYSIS IN THE CENTRAL PYRENEES FROM INSTRUMENTAL AND PALEOCLIMATE PROXY DATA 
Nuria Pérez Zanón 
 



Climate analysis in the central Pyrenees from instrumental and proxy data. 

  

118 

 

Figure 9: Demographic trends of the Pallars region (top) (Bringué, 2005; Farràs, 

2005) and human activities around the lake (bottom) (Rull & Vegas-Vilarrúbia, 2015) 

potentially affecting the L. Montcortès oxic/anoxic shifts since 1500 AD. The dashed 

lines separate four statistically significant periods (zones) at 1821 AD, 1848AD and 

1905. 

 

1500-18200 AD (86.5-cm) 

After 1520 AD, detrital input (A) to the lake began to occur. Until around 1750 AD, the 

lake was intensely stratified and rather turbid (Fig. 8), with Chromatiaceae and 

Oscillatoriales as the dominant bacteria (Fig. A.3).  Historically, this period belongs to 

the Modern Age (1500-1789) and is climatically framed in the cold LIA and  includes 

the Maunder minimum (1645-1720 AD, the chilliest point of the Little Ice Age (LIA) 

(Sánchez-López et al., 2016 and literature therein). On the Iberian Peninsula the hydric 

availability fluctuated on the Pyrenees with rainfalls showing stationary conditions 

between 1537 and 1805 AD (Cacho et al., 2010; Morellón et al., 2012; Corella et al., 

2016) . This period represents the recovery of the population of the Pallars region which 
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had been devastated by wars and black pest epidemics during the medieval crisis. The 

town of Montcortès was home to 50-80 inhabitants (Iglésies, 1969, 1981, 1991) (Fig. 

A.4), who were the main users of the lake. By 1500 a clear trend towards agriculture 

and livestock diversification began and pastures and husbandry underwent significant 

expansion to the detriment of conifer forest. Large eels were cultivated within the lake 

and leeches abounded (Maluquer i Sostres, 1992). Forest renting and clearing became a 

habitual practice as well as forest burning, the latter peaking around 1750 (Rull and 

Vegas Vilarrúbia, 2015). Moreover, the persistent and increasing presence of Cannabis 

(hemp) (Fig.9), strongly suggests that hemp growth was practiced in the neighbourhood 

(La Pobla, La Pobleta, Gerri de La Sal) and probably,  hemp retting was conducted 

within the lake (Rull and Vegas-Vilarrúbia, 2014), as was the case in the nearby 

Estanya lakes (Riera et al., 2004). Water hemp retting has been blamed for nutrient 

enrichment, enhanced turbidity, oxygen depletion and significant changes in community 

composition of the plankton (Anderson, 1995; Bonneville, 1994; Cheng et al., 2007; 

Clarke and Merlin, 2013 and literature therein; Vander Werf and Turunen, 2008;). It is 

clear that all these activities must have profoundly altered the surrounding landscape 

with inevitable consequences to the lake catchment and the lake itself, leaving a clear 

imprint in the sediments. In fact, and in agreement with the relevance of Oscillatoriales 

in the lake, palynological evidence suggests that Lake Montcortès became relatively 

enriched in N and P during this time lapse as inferred from the replacement of Cladium 

by Typha in littoral plant communities, which is typical in situations with sustained 

increases in nutrient supply to lakes (Scussolini et al., 2011; Rull et al., 2011). 

Clastic input stimulated by soil erosion was particularly high between 1508-1547 and 

1592-1656 AD (Corella et al., 2016). Furthermore, carbon particles may partly support 

the assumption of increased water turbidity affecting light transmission and absorption, 

thus modifying the aquatic habitat and affecting primary production. In effect, the mean 

Ti values were the highest of the entire study period and indicate detrital input from the 

catchment. Additionally, fire was used for deforestation and burned surfaces were 

dedicated to agriculture and livestock. Evidence exists that after forest fires, the export 

of sediments, nutrients and dissolved organic matter from river catchments increases, 

with ash and fine sediment preferentially eroded. Once transferred to watersheds, these 

materials increase the turbidity (Langhans et al., 2016; Smith et al., 2011; Vila-Escalé et 
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al., 2007). Thus, by extension, it follows that small lakes such as Montcortès could be 

affected by forest burning in a similar manner.  

1821-1847 AD (    cm) 

During the following years until 1848 (Contemporary period, 1789-present), the lake 

conditions changed under a scenario of enhanced climate variability that is fairly 

concurrent with the transition between the LIA and the posterior warming. Fluctuations 

in hydric availability on the Iberian Peninsula (IP) became stronger, especially towards 

1845, and high flood events occurred in the NE of the IP (Barriendos and Rodrigo, 

2006; Cacho et al., 2010; Llasat et al., 2005). These climatic phenomena could have 

favoured the frequency and intensity of mixing in the water column. In fact, in the 

middle of this period dominated by intense human activity, Mn/Ti, Ca/Ti, Si/Ti and Br 

seemed to capture a climatic signal. These ratios exhibited significant positive 

correlations with the mean temperature, suggesting that winter oxygenation of the water 

column increased stimulating diatom growth.  of the water column gradually became 

the main process leaving an imprint in the sediment (B) and stratification seemed to 

recede (Fig.9). Simultaneously, the number of inhabitants almost tripled in Montcortès 

town (Fig. A.4) (Sabartés i Guixés, 1993). Forest burning markedly decreased and the 

presence of Pinus was minimal. Hemp cultivation and retting continued to increase 

regionally until its apogee around 1839 (Rull and Vegas-Vilarrúbia, 2015).  

1848-1904 AD (cm) 

The subsequent five decades witnessed major turbiditic deposition episodes (A) (Fig. 9), 

which were probably associated with a higher frequency of storminess (Corella et al., 

2014). This sedimentary event obscured the interpretation of the sedimentary record for 

this period in terms of internal lake processes. During this period, commercial activities 

depleted and the subsistence economy went into crisis, forcing part of the population to 

emigrate, and the populations of the Pallars and Montcortès diminished by 30% and 

40%, respectively (Fig.A.4) (Sabartés i Guixés, 1993). It is reasonable to assume that 

the anthropogenic pressure on the lake diminished (Fig. 9), allowing certain natural 

recovery. 

1905-2007 (-0.2 cm) 
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The first two decades of the 20th century showed a notable decrease in external clastic 

inputs into Lake Montcortès and the reappearance of intense oxygenation events (B) 

(Fig. 9).This occurred in the context of a manifest, but variable recovery of 

temperatures after the LIA (Fig. 9).It is not straightforward that meteorological forcing 

alone was the main cause of the increased oxygen content of the water column during 

these decades. It is very likely that the notable reduction of anthropogenic activities in 

the lake catchment lessened the inputs of sediment, nutrients and organic matter into the 

lake and consequently, the biological oxygen demand decreased and transparency 

improved. From 1920 until the present, the lake evolved towards a novel situation led 

by different algae groups and bacteria (C).The frequency of strong oxygenation events 

diminished gradually and the presence of sulfur bacteria was higher than ever before, 

especially since the sixties’, suggesting more intensive stratification and longer periods 

of anoxia. Interestingly, related to the instrumental climate record, periods of years with 

strong oxygenation events alternated with periods of more stable stratification (C) 

apparently responding to climate forcing, i.e., years of C showed warmer and drier 

winters. In fact, regional climate experienced highly significant increases in the 

maximum (Tmax) and the minimum (Tmin) temperatures and their increasing rates, 

especially after 1970 AD, and a decrease in the number of cold years (Tmax and Tmin) 

after 1950 AD. The inter-annual variability in precipitation also rose markedly (Pérez-

Zanón et al., 2016). Socially, the modernisation process was interrupted in 1936 AD by 

the Spanish civil war and the subsequent post-war period until 1950 AD, when a slight 

economic revitalisation occurred. However, during the Industrial revolution a new, 

dramatic crisis came about (1960-1980) and the population severely declined as a 

consequence of mechanisation of field labour and emigration to large industrialised 

cities. Intensive livestock practices and the tourism industry developed, though with low 

intensity in the Lake Montcortès catchment. In fact, the number of inhabitants in 

Montcortès town decreased from 125 in 1900 AD to 26 in 2015AD (Fig.A.4), being this 

the lowest number recorded during the last 500 years (Sabartés i Guixés, 1993).  
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5.4. Lake Montcortès in the context of the global spread of hypoxia in lakes 

In sum, we suggest that Lake Montcortès experienced prolonged hypolimnetic anoxia 

during the entire study period. However, , multiple oxygenation events occurred 

throughout this time lapse, indicating that the volume of the anoxic waters varied 

depending on the duration and intensity of the oxygenation events, and from the oxygen 

demand generated by the anthropogenic impacts. From 1900 AD onwards, the human 

population drastically decreased at a local and regional scale, following a reverse trend 

from the one shown by the populations of other lakes affected by recent hypoxia (Jenny 

et al., 2016a,b). Such abrupt land abandonment may be interpreted as a sort of 

“involuntary” rehabilitation of Lake Montcortès from former land practices. In the 

second half of the 20th century the lake anoxia exhibited an unparalleled expansion 

despite ongoing depopulation and in the framework of accelerating rates of global 

warming (Brunet, 2007; Sánchez-López et al., 2016 and literature therein). These facts 

clearly suggest that climate forcing could start playing an increasingly prominent role in 

controlling the lake’s ecosystem and environment. 

Overall, our results are partly consistent with recent regional and global analyses about 

the spread of lacustrine hypoxia, especially during recent decades (Jenny et al., 

2016a,b). Hence, it notably differs in the origin of anoxia and timing of its onset. In 

Lake Montcortès, persistent anoxia started early, in the Mid-Holocene (3800 cal yr BP, 

-1850 AD), and its onset was attributed to a climate-driven lake level rise (Corella et al., 

2011b), rather than to human pressure. In fact, Neolithic inhabitants could not have 

impacted the lake enough to prompt an anoxia outbreak, since they lived in mountain 

caves and avoided the open plain (Pérez- Almoguera et al., 2011). The time when 

anthropogenic influences overrode climatic influences onto oxic/anoxic shifts must have 

been before 1500 AD, considering that evidence exists of fire impact, hemp cultivation, 

pastures and herbaceous crops since 800 AD (Rull et al., 2011). This suggests that at the 

beginning of the 16th century, the hypolimnion of Lake Montcortès already suffered 

from a significant oxygen deficit of double origin. 

Contrastingly, Jenny et al. (2016 a,b) informed that in a set of 365 lakes from six 

continents, lake hypoxia started relatively later, after 1700 AD, due to rising local 

human pressure, which expanded during the turn of the 20th century and increased 

rapidly over the last century due to enhanced nutrient input. The lakes of industrialised 
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countries have not returned to former oxygenated conditions despite restoration efforts. 

Furthermore, in Europe, the outbreak and expansion of hypoxia after 1850 was bound to 

urban growth, and neither in this case exhibited signs of sustained recovery of bottom 

water oxygenation after P input regulations (Jenny et al.,2016b). From their research, 

these authors conclude that climate shifts did not trigger hypoxia, but that they were 

responsible for hypoxia fluctuations once the lakes become hypoxic. 

From the above evidence it is clear that the oxic/anoxic changes in the hypolimnion of a 

lake are highly dynamic and the result of manifold climate and anthropogenic factors. 

However, an important outcome of the aforementioned studies and the present one is 

that current climate warming seems to be taking control of the oxygenation capacity of 

lakes at a global scale, regardless of the timing and causes of the onset of hypoxic or 

anoxic conditions and their ulterior development. Warming of the upper water layers is 

known to strengthen watercolumn stratification, degas oxygen and increase the volume 

of hypolimnetic water. Voices of alert warn that the target of 2ºC as a “guard rail” in 

global temperature increase will be very difficult to achieve, so the likelihood of global 

temperature raises of 3º and 4ºC within this century is enhanced (New et al., 2011).  It 

follows that a global challenge for societies during the 21thcentury is to maintain lake 

settings under healthy ecological conditions, whereas the trend seems to be towards 

climatically induced deterioration. By now, the main drawbacks are the human inability 

to stop or even control climate change, and the contingency of any prevention, 

adaptation or restoration actions that might be undertaken. Meanwhile, studying long-

term ecological processes seems a good strategy not only to understand the current 

ecological status of the natural systems under study but also to improve predictions on 

their future.  

The importance of long-term ecological studies for more accurate predictions of the 

effects of climatic change on future ecosystems is widely recognized, which has led to 

the establishment of networks of long-term ecological stations around the globe (e.g. 

https://lternet.edu/). Such networks have already provided useful data for the last 

decades but ecological trends and processes occurring on higher timescales can only be 

documented using high-resolution paleoecological records embracing centuries or 

millennia. Long-term ecological stations situated in the catchments of lakes with varved 
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sediments, as is the case of Lake Montcortès, would be especially useful in this context 

(Rull, 2014). 

 

6. Conclusions 

We think that our paper offers innovative and novel insights into the issue of the current 

spreading of hypoxia/anoxia in freshwater bodies. It is also the first time that this 

problem is addressed, in the Mediterranean region, with a truly long-term perspective 

and at such a high resolution, thanks to the use of varved lake sediments. One difficulty 

worldwide to investigate and track the evolution of oxygenation shifts is the lack of 

long-term oxygen measurements, which usually encompass less than a century and 

seriously compromise the possibility of recording truly long-term trends. In our paper, 

we address this problem using a subdecadal resolution and a multiproxy approach that 

combines independent geochemical and biological proxies, i.e. elemental XRF core 

scanning measures and biomarkers (pigments). We succeed in distinguishing different 

phases in the evolution of oxygen shifts over time that can be potentially linked to 

climatic and/or anthropogenic drivers acting on the lake itself or in its catchment. It is 

important to stress that we have been able to clearly distinguish pre- and post-industrial 

oxygenation trends, thus providing a direct connection between oxygen shifts and the 

ongoing climate change. However, a more refined distinction between the effects of 

humans and climate is needed and is being addressed in ongoing studies. We believe 

that our methodological approach is fine-tuned enough and useful to overcome the lack 

of instrumental data in regions devoid of them, thus facilitating the attainment of a 

regional scope able to resolve the eventual global trends and synchronicity of the 

oxygenation shifts in continental water bodies. 
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Appendix 

 
Figure A.1: Temporal variations of the elemental ratios and the mean temperature since 

1500 AD. 
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Figure A.2: Evolution (grey line) and 50 years period trend of NHAT. Black line 

corresponds to 30 years NHTA filter. Positive (Negative) trend values are shown in red 

(blue) while continuous (dashed) line correspond to significant (non-significant) values. 

 
Figure A.3: Temporal variations of pigment biomarkers since 1500 AD. 
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Figure A.4: Demographic behaviour of the Montcortès town since 1500 AD, based on 

the information compiled by Jesús Sánchez (Iglésies, 1969, 1981, 1991; Sabartés i 

Guixés, 1993). 

 

 

Table A.1: Principal component loadings (significant correlations, p	≤ 0.005). 
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Chapter 5 — Weather regimes and tree-rings 

Pérez-Zanón, N., Khodri, M., Sigró, J., Gutiérrez, E., 2017: Role of North Atlantic 

weather regimes in the central Pyrenees climate from instrumental and tree-ring data. 

[in preparation] 
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TREE-RING DATA 
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Abstract 

One of the advantages provided by the study of a mountain range, as the Pyrenees, is its 

great biodiversity which provides for natural climate records to allow scientist to 

reconstruct the past climate. The characterization of regional climate response on a 

synoptic scale, of the recognized importance for their impact on society, is the first step 

to later obtain the climate signal contained in natural records. Many studies show the 

use of natural records covering big areas for the reconstruction of climatic indices such 

as the NAO or ocean indices like the AMO. However, few studies address synoptic 

scale climate information containing each natural records prior to the extension of 

rebuilding larger scale. In this study, the response to the synoptic scale climate the 

Central Pyrenees in summer in the period 1910-2013 is presented, in order to be a 

catalogue for future works in climate reconstruction of the area. The case study of tree-

rings width response from Central Pyrenees to climate at synoptic scale is addressed. 

The results show that observed climate in the Pyrenees is leaded by synoptic scale 

configuration and tree-rings captures the climate variability and change, specially 

during the instrumental period. 

 

KEY WORDS: Weather Regimes; Pyrenees; Tree-rings; SNAO; Climate; 
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1. Introduction 

Paleoclimate research is being more focus on regional climatic responses to global or 

hemispherical changes, as regional climate affects societies and forms the basis for 

efficient adaptation measurements. Proxy-reconstructed paleoclimate records and 

climate-model comparisons allow to evaluate climate transitions through the analysis of 

forcing and feedback mechanisms in past climate changes. However, the amplitudes of 

variation in the hydrological cycle and temperature changes at different time and space 

scales reconstructed for the last millenniums differ between from one to another 

research work (Lionello, 2012). 

The Pyrenees is a mountainous range in eastern Europe, in the transition between 

Eurosiberian and Mediterranean ecoclimate regions (Dorado Liñán et al., 2012) and 

with Atlantic and Mediterranean climatic influences (Beguería et al., 2003; López-

Moreno et al., 2008; López-Moreno and Beniston, 2008). This area is of high interest 

due to its natural richness in biodiversity (López-Moreno et al., 2008; Regato, 2015) 

and human development by water resources, energy production, tourism (Marín-Yaseli 

and Martínez, 2003) and agriculture (Beguería et al., 2003; López-Moreno et al., 2008). 

Some of the features of the Pyrenees makes them one of the most vulnerable areas to 

climate change (Dorado Liñán et al., 2012): Pyereens is in middle latitudes (Büntgen et 

al., 2008) in the Mediterranean area (Giorgi, 2006) and is a mountainous area (Beniston, 

2003; Melis et al., 2014). Furthermore, due to its biodiversity, Pyrenees are a source of 

paleoclimate archives such as glaciers (Cuadrat and Martín Vide, 2007), lake sediments 

(Moreno et al., 2012) and tree-rings (Tardif et al., 2003). 

In the Pyrenees, climatic studies have frequently been conducted by scientists from 

different disciplines, such as biologists, hydrologists or glaciologists, rather than by 

meteorologists, as it occurs generally in mountain areas. So, climate information is 

dispersed in the scientific literature and usually focused in a local issue (Barry, 2008). 

So before reconstructing regional climate using paleoclimate archives, a deep 

knowledge of the regional climate itself is necessary. 

For its part, general atmospheric circulation in the North Atlantic-European sector is 

characterized by the high-latitude Aleutian and Iceland low-pressure centers dominating 
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in the North Atlantic during winter, while it moves northward in summer and the 

anticyclonic Azores high pressure system predominates covering most of the North 

Atlantic (Hurrell et al., 2003). The annual variability of these pressure centers is 

captured by the North Atlantic Oscillation (NAO; Walker, 1924) especially in winter, 

when months are meteorologically more actives (Folland et al., 2009). However, some 

extreme events, like drought, heat waves and floods, occur in summer (Folland et al., 

2009) even hail extreme events (van der Linden et al., 2015). The NAO is frequently 

defined by the first empirical orthogonal function (EOF) of the seasonal mean sea level 

pressure in the north Atlantic sector. The winter NAO is stronger and larger spatial 

extent than the summer NAO (Folland et al., 2009), given some difference in 

temperature and precipitation spatial patterns: in the positive NAO phase, Northern 

Europe temperature and precipitation are higher than the normal in winter, while in 

summer the area of high temperature is reduced to the northwestern of Europe and the 

precipitation anomaly over this area is negative; in the same phase of the NAO, colder 

temperatures than the normal are observed in the Northern Africa and drier conditions 

in the Mediterranean in winter, in contradistinction to summer when temperature and 

precipitation greater than the normal occurs in the Mediterranean. 

(http://www.metoffice.gov.uk/research/climate/seasonal-to-decadal/gpc-outlooks/ens-

mean/nao-description). 

Tree rings have been widely used to reconstruct past climate in North Atlantic and 

European sectors (such as Cook et al., 1998; Folland et al., 2009; Gray et al., 2004; 

Wassenburg et al., 2013) due to their capability to preserve large-scale anomalies in the 

general atmospheric circulation (Briffa et al., 2004; Fritts et al., 1971). Some spices of 

trees growth in summer season, even temperature reconstructions of May to September 

in Pyrenees have already published (Büntgen et al., 2008; Dorado Liñán et al., 2012), so 

a link between summer climate and tree-ring growth is expected. However, tree-rings 

from mid to low-latitudes are less sensitive to temperature than those from high-

latitudes showing less intensity and small spatial correlation when comparing with Sea 

Surface Temperature (SST) observations (Büntgen et al., 2008). 

Because NAO doesn’t correlate with temperatures over western Mediterranean, tree-

rings from the Pyrenees are not included in big datasets of proxy data to reconstruct 

NAO (such as in Ortega et al., 2015), while they are included to reconstruct north 

hemisphere temperature (Stoffel et al., 2015). 
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As shown above, we face the following inconsistency: while natural registers are 

considered to be able of capturing large-scale climate, proxies from the Pyrenees are not 

included in large scale patterns reconstruction. Then, we try to address the following 

questions: are proxies from Pyrenees able to capture large-scale climate signal? Which 

climate signal are they capturing and, therefore, which climate information is included 

when the proxy from Pyrenees are used? Pyrenees proxies should be studied separately 

from large dataset before other purposes.  

Here we present summer (from June to August) synoptic configurations in the North 

Atlantic-European sector, which lead the regional climate in the central Pyrenees, as a 

benchmark to be used in future works. Their relation with weather regimes are analysed, 

as well as the capability of tree-ring width (TRW) as climate proxy records is evaluated. 

 

2. Data 

2.1 The Central Pyrenees Regional Climate 

A recent study presents the longest anomaly regional series of precipitation (PPT) and 

maximum (Tmax) and minimum temperature (Tmin) which characterized the observed 

climate in the central Pyrenees for the period 1910–2013 (Pérez-Zanón et al., 2017). 

These series were built from the daily quality controlled observed data from 155 manual 

and automatic weather stations covering the study area. After the monthly 

homogenization, to remove non-climatic variations from the series, the regional 

anomaly series of each variable was obtained by averaging the most completed 

individual series. In the present work, summer (June to August) anomalies were 

computed using the mean of all series length (Figure 1). In order to take into account the 

varying sample size on time, the Osborn correction was applied to avoid a bias 

introduced by a simple average. 
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Figure 1: Summer regional anomaly series for PPT (top), Tmin (middle) and Tmax 

(bottom). Grey (black) line corresponds to the non-filtered (5 years filter, see section 

3.2) series. Dashed lines corresponds to the first (Q1, blue), the second (Q2, black) and 

the third quartile (Q3, red) of the 5 years filtered series. Values less or equal (greater) 

than Q1 (Q3) are shown as blue (red) dots.  Interquartile values are shown in light blue 

(orange) when they are greater than Q1 (Q2) and less or equal than Q2 (Q3). 

 

2.2 Global Observed Datasets 

An ensemble of monthly global observational and reanalysis grids have been selected to 

analyse the synoptic state of the atmosphere the North Atlantic-European sector (20º–

70ºN; 70ºW–40ºE): observed precipitation dataset from the Global Precipitation 

Climatology Center (GPCC; Schneider et al., 2014), Extended Reconstructed Sea 
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Surface Temperature v4 (ERSST; Huang et al., 2016), Hadley Sea Level Pressure 

anomalies (Hadley SLP; Allan et al., 2006), and Precipitation rate (Prate), 2m air 

temperature (Air), Mean Sea Level Pressure (SLP) and zonal and Meridional winds and 

Relative Humidity from 20th Century Reanalysis project V2 (20CRP; Compo et al., 

2011). Furthermore, daily SLP from 20CRP have been used. 

 

2.3 Tree-rings Chronologies 

A dataset of 31 chronologies of TRW of Pinus uncinata id available covering the 

Pyrenees mountain range, with higher density of observations over the central Pyrenees 

(Figure 2). The chronologies are built with 1130 cores from 580 trees by absolute 

dating. The residual chronologies, obtained by applying Friedman function, present a 

Expressed Population Signal (Wigley et al., 1984) greater than 0.85 confirming the 

reliability of the common signal for each chronology. They are placed between 1750 

and 2451 m height (see Table S1 for details). 

 

Figure 2: Spatial distribution of the 31 TRW chronologies over Central Pyrenees. 
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3. Methodology 

3.1. North Atlantic – European Sector Weather Regimes 

K-means cluster analysis, based on Hartigan and Wong (1979) algorithm, has been 

applied to summer daily SLP anomalies during the period 1910–2012 to define North 

Atlantic – European sector weather regimes (WR). Following Cassou et al. (2005), the 

optimal number of clusters considered is k = 4. Equivalent configurations are found 

(Figure 3): Blocking (27.3 % of occurrence), Atlantic Low (Atl.Low; 23.1 % of 

occurrence), Atlantic Ridge (Atl.Ridge; 24.5 % of occurrence) and negative phase of 

Summer NAO (SNAO-; 25.0 % of occurrence); however, due to differences in the 

methodology, the percentage of occurrence is a bit different. 

 

Figure 3: Summer SLP weather regimes computed over the North Atlantic–European 

sector from 1910 to 2012. Panel A – B correspond to Blocking, Atl.Low, Atl.Ridge and 

SNAO-, respectively. Contour interval is 100 Pa. Percentage of occurrence for each WR 

is showed on the top-right of each plot. 

 

It is interesting to highlight that the first and fourth cluster can be interpreted as the 

positive and negative phases of the SNAO being not symmetrical. Compering with WR 
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from Cassou et al. (2005; see Figure 1 (a-d)), which were computed over 500 hPa 

geopotential height anomalies, we have found slight differences due to the baroclinicity 

of the atmosphere. The high pressure center in the Blocking WR is located on the north 

of the British Islands while, at 500 hPa, it moves towards the east, closes to 

Scandinavian Peninsula. The Atl.Low is similar in intensity and location of the low 

pressure center, however, the high pressure center moves from northeastern Europe to 

center Europe when altitude increase. Comparing Atl.Ridge, the high pressure center in 

surface is less intense than at 500 hPa. Finally, the SNAO- low pressure center is 

located at the west of the British Islands in surface while, at 500h Pa, it covers the 

British Islands and North Sea. 

As the cluster analysis has classified each day of summer in one of the WR, the time 

evolution of each WR can be considered as the annual sum of days for each summer and 

WR (Figure 4). Considering periods of 20 years, at the beginning of the period, SNAO- 

predominates although the Atl.Ridge occurrence increase until 1923. Between 1930 and 

1949, the Blocking was more frequent. The Atl.Ridge dominates the period 1950–1969, 

although this period is the most variable, shows in all WR with a big maximum of 

SNAO-. From 1970 to 1989, Bolcking is the most frequent showing strong variability. 

Since 1990 until the end of the period, SNAO- dominates, showing a positive trend. 

 

3.2.Temporal and Spatial Analysis 

The TRW frequency response of climate has hardly been analysed (Esper et al., 2015a, 

2015b) Cook et Kairiukstis, 1990) showing that TRW has low-frequency response than 

Maximum latewood density because of lower biological persistence (Stoffel et al., 

2015). For this reason, and to make climatic and TRW signal comparable, a low pass 

filtering is necessary for climate series. A Savitzky-Golay Smoothing Filter (Sav-gol) 

has been selected because of its capability to smooth without losing resolution and 

amplitude (Press, 2007). Pyrenees regional anomaly series have been filtered by 

applying a quadratic order 5 years Sav-gol (Figure 1).  
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Figure 4: Annual number of summer events of each WR (grey bars) and 5 years Sav-gol 

filter (continuous line). 

The large-scale synoptic configuration of the atmosphere for different observed climate 

in the Pyrenees have been characterized using composites. First, observed extreme 

climate and moderate climate variability in the Pyrenees have been defined by applying 

quartile thresholds in the regional anomaly series of PPT, Tmax and Tmin (Figure 5). 

We can distinguish between apply the criteria of individual variables or combine two of 

them. When PPT (Tmax or Tmin) series is considered alone, 3 climatic modes can be 

defined: Dry (cold), PPT (Tmax or Tmin) values are less than Q1; Moderate, for PPT 

(Tmax or Tmin) values are greater or equal to Q1 and less than Q3; and wet (warm), for 

PPT (Tmax or Tmin) values are greater or equal than Q3. 
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Figure 5: Schematic of the criteria applied to define composites spatial fields of 

Pyrenees observed climate in individual variables and combined PPT and Tmin 

criteria. The number of years of each composite is shown. 

Furthermore, the combination of PPT and Tmin series has been considered to define 

climatic modes in the Pyrenees. It should be highlighted that Tmin have been 

considered instead of Tmax, because Tmax is significantly negatively correlated to PPT. 

In this case, 9 climatic modes are found: dry and cold (PPT < Q1PPT and Tmin < 

Q1Tmin), dry and moderate (PPT < Q1PPT and Q1Tmin ≤ Tmin < Q3Tmin), dry and warm 

(PPT < Q1PPT and Tmin ≥ Q3Tmin), moderate and cold (Q1PPT ≤ PPT < Q3PPT and Tmin 

< Q1Tmin), moderate (Q1PPT ≤ PPT < Q3PPT and Q1Tmin ≤ Tmin < Q3Tmin), moderate and 

warm (Q1PPT ≤ PPT < Q3PPT and Tmin ≥ Q3Tmin), wet and cold (PPT ≥ Q3PPT and Tmin 

< Q1Tmin), wet and moderate (PPT ≥ Q3PPT and Q1Tmin ≤ Tmin < Q3Tmin), wet and warm 

(PPT ≥ Q3PPT and Tmin ≥ Q3Tmin).  

So, composites of Pyrenees observed climatic modes have been obtained by averaging 

the summer SLP spatial fields (and other spatial fields, not shown) of years belonging to 

each defined mode (Figure S1 and S2). 
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Finally, to evaluate the correspondence between temporal series and spatial fields 

Spearman correlation and significant, using the Student’s t test (Wilks, 2011) have been 

computed. 

 

3.3. Climatic Signal of Tree-rings Chronologies 

To improve the reliability of age model in the TRW chronologies dataset, one thousand 

simulations of each chronology have been running considering a Gaussian error of 1 

year for each annual TRW value. In order to extract the common climatic information 

of all chronologies, a Principal Component Analysis (PCA) in T-mode have been 

performed over the 31000 simulations over different combinations of trees and periods 

(Table 1): using all chronologies (31) in different instrumental periods (1910 – 1993 and 

1930 – 1993), for all chronologies which cover since 1800 (27) and computing the PCA 

over all available period (1800 – 1993) or in the instrumental period (1910 – 1993) and 

considering all chronologies which cover since 1700 (12) and performing the PCA over 

all available period (1700 – 1993) or in the instrumental period (1910 – 1993); 15 

selected is referred to those chronologies which their variance of scores in PC1 and PC2 

overcome the third quartile (see Figure S1); as these 15 selected chronologies just cover 

since 1890,  three chronologies have been removed to be able to reconstruct until 1800, 

so, for these 12 selected chronologies, PCA have been computed over the instrumental 

period (1910 – 1993) and all available period (1800 – 1993). 

However, the variance explained by the first (PC1) and the second (PC2) principal 

component of all considered cases are not too high, they generally increase when the 

number of considered chronologies decreases and/or the length of the analysed period 

increase. 

Finally, an equivalent methodology of Pyrenees composites has been applied over PC1 

and PC2 of each combination of TRW selection (henceforth called Tree-rings 

composites).  In this case, we will distinguish between high (low) values of PC1 (PC2) 

instead of wet (dry) or cold (warm) modes.  
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Table 1: Number of chronologies, starting year of PCA application, reference name for 

each analysis and percentage of variance of PC1 and PC2.  

Number of 

chronologies 

Period of PCA 

application 
Reference name 

Variance (%) 

PC1 PC2 

31 1930 – 1993 31 trees 1930 8.38 8.14 

31 1910 – 1993 31 trees 1910 8.45 7.04 

27 1910 – 1993 27 trees 1910 8.86 7.84 

27 1800 – 1993 27 trees 1800 7.86 6.18 

12 1910 – 1993 12 trees 1910 10.44 8.76 

12 1700 – 1993 12 trees 1700 11.01 7.12 

15 1910 – 1993 15 selected 1910 11.67 8.78 

12 1910 – 1993 12 selected 1910 13.64 10.43 

12 1800 – 1993 12 selected 1800 11.67 9.00  

 

 

4. Results 

4.1 WR and Pyrenees climate 

In order to evaluate the temporal relation between the frequency of occurrence of the 

four WR and the Pyrenees regional series, non-filtered series and different Sav-gol 

parameters (for 5, 10, 11, 15 and 20 years and quadratic or quartic order) have been 

applied to the series before correlation analysis (significant level at ) = 0.05). While 

SNAO- frequency series doesn’t correlate with Pyrenees regional series in any case, 

Atl.Low frequency evolution shows a significant correlation in most of the cases 

(Figure 6), being negative with PPT and positive with Tmin and Tmax. Atl.Ridge 

presents some positive significant correlation with Tmin and Blocking is generally 

positive correlated to PPT and negative with Tmin while any significant correlation is 

found with Tmax. The strongest correlations are found for Tmin with Blocking (-0.4) 

and Atl.Low (0.52).  
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Figure 6: Correlation between WR and PPT, Tmin and Tmax Pyrenees regional series 

for non-filtered and different Sav-gol parameters. Dots corresponds to significant 

values at ) = 0.05. 

Spatial Pyrenees composites have been correlated with WR (Figure 7). In general, each 

composite present one WR dominant (e.g. Tmax moderate year composite versus 

Blocking), or two with opposite correlation sign (e.g. wet and cold years composite 

versus Atl.Low and SNAO- WR). PPT composites show the highest correlation 

magnitude with Bolcking and shows opposite sign with Atl.Ridge for dry years 

composite and SNAO- for moderate PPT years and warm years composites. The highest 

correlation in magnitude (-0.81) of Tmin composites occurs with the Atl.Low WR when 

the cold years are considered. For moderate and warm Tmin years composites, 

Atl.Ridge returns higher magnitude of correlations than Atl.Low, and opposite sign to 

SNAO-. Moderate Tmax years composite correlates negatively with Blocking (-0.73). 

While Atl.Low seems to influence Tmin during all modes considered and a combination 

of Blocking and Atl.Low lead PPT, Tmax is leaded by different WR. 

Figure 7 middle panel shows correlations between WR and composites built applying 

combining criteria on PPT and Tmin. Comparing dry years composite correlations with 

WR, an opposite behaviour is found between cold and warm years: correlations with 

cold (warm) composites are negative (positive) with Blocking and positive (negative) 

with Atl.Ridge. This fact can support the correlation values of dry and cold composites 
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even the number of events included are not too large (4 years). Composite of wet years 

present the highest correlation (0.81) with Blocking when cold years are considered.  

Finally, moderate precipitation and cold years composite is correlated positively with 

SNAO- and negatively with Atl.Low. 

To acquire a deeper understanding of the atmospheric state during summers of each 

category in the Pyrenees, the mean percentage of each WR for each composite is shown 

in Figure 7 bottom panel. The maximum percentage corresponds to the maximum 

positive correlation in each case, such as wet and cold composite for which Blocking is 

giving maximum values on both magnitudes. The exception is found for dry and Tmin 

moderate (maximum percentage of SNAO- and maximum correlation Atl.Ridge) and 

wet and Tmin composites (maximum percentage Blocking and maximum correlation 

Atl.Low). On the other hand, the WR with minimum correlation to each composite is 

generally which presents the minimum percentage of occurrence during those years (6 

of 9 cases). This fact can be observed in the same example as before, wet and cold years 

composite shows minimum correlation with SNAO- which is the WR with minimum 

percentage of occurrence during these years. For the three other cases, the two 

minimum values of these magnitudes can be compared, such as for dry and cold years 

composite, which minimum percentage of occurrence of Atl-Low and Blocking 

correspond to negative correlations. 
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Figure 7: Correlation coefficients between Pyrenees composites and WR and mean 

percentage of occurrence of WR for years of each composite built by combining criteria 

on PPT and Tmin. Top panel corresponds to correlation for composites built by criteria 

applied on individual variables PPT, Tmin and Tmax. Middle panel corresponds to 

correlations for composites built by combining criteria in PPT and Tmin. Only 

significant correlation at ) = 0.001 are shown. 

 

4.2 Tree-rings signal and Pyrenees climate 

The relation between tree-ring signals captured by the PCA applied in different 

combination of TRW chronologies and periods and the observed climate in the 

Pyrenees is analysed by: checking their temporal correlation (between PC1 and PC2 and 

PPT, Tmin and Tmax) and comparing their spatial composites. 
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Considering their temporal evolution, correlations between PCs and Tmax are non-

significant, except for PC1 when 31 trees in the period 1930 – 1993 are and PC2 when 

12 trees in the period 1910 – 1993 are considered (Figure 8). The case which shows the 

highest number of significant correlations () = 0.05) is 31 trees in the period 1930 – 

1993. In this case, PC1 and PC2 correlate positively with PPT and present opposite sign 

with Tmin. However, the highest correlation (0.45) is found for PPT compared with 

PC1 for 31 chronologies in the period 1910 – 1993. It is interesting to highlight that the 

case of 12 selected chronologies in the period 1800 – 1993 returns negative significant 

correlations for both PCs with PPT. 

 

Figure 8: Correlation between Pyrenees regional series of PPT, Tmin and Tmax 5 

years quadratic order Sav-gol filtered and PC1 and PC2 for all considered 

combinations of number of trees and periods to compute PCA in TRW simulations. 

Horizontal dashed lines indicate the correlation threshold for significance at ) = 0.05. 

Correlations between Pyrenees composites built by applying criteria on individual 

variables of PPT, Tmin and Tmax and composites of PC1 and PC2 PCA applied on 

different combinations of TRW chronologies and periods are presented in Figure 9. In 

general, dry and Tmax warm years composites are negatively correlated with tree-rings 
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composites, while positive correlations are found for moderate climate and Tmax cold 

years composites. High PCs values composites correlate strongly in more cases than 

moderate and low PCs values composites: the highest correlation values (≥ 0.86) is 

found for moderate Tmin years composite (PC1 of 12 selected trees, PC1 of 12 selected 

trees and PC2 of 27 trees in the period 1910 – 1993) and the lowest correlation values 

(≤ -0.75) is found for warm Tmax years composite (PC1 of 31 trees, PC1 of 12 selected 

trees and PC2 of 27 trees in the period 1910 – 1993). 

 

Figure 9: Correlation between composites of PC1 and PC2 of TRW for all considered 

cases and Pyrenees composites built by applying criteria in individual variables. 

Coloured values are greater than ± 0.3 (in absolute value) and significant at ) = 0.001 

An equivalent correlation analysis is performed between tree-ring signals composites 

and Pyrenees composites built by combining criteria on PPT and Tmin (Figure 10). In 

this case, high values of PCs composites generally correlate negatively with moderate 

PPT and cold years, and dry and warm years, while positive correlations happen with 

moderate PPT and Tmin years composites. In the other hand, low values of PCs 
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composites are negatively correlated to wet and cold and dry and warm years 

composites. The highest correlations (≥ 0.84) are found between moderate PPT and 

Tmin years and high PC values composites (PC1 of 27 trees, 12 trees and 12 selected 

trees) while the lowest (≤ -0.78) between wet and cold years and low PC values (PC1 of 

31 trees and PC2 of 12 selected trees in the period 1910 – 1993). 

 

Figure 10: Correlation between composites of PC1 and PC2 of TRW for all considered 

cases and Pyrenees composites built by combining criteria in PPT (vertical order) and 

Tmin (horizontal order). Coloured values are greater than ± 0.3 (in absolute value) and 

significant at ) = 0.001. 

 

4.3 Tree-rings signal and WR 
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Spatial correlations between WR and tree-rings signal from PCA over different periods 

and chronologies have been computed. Generally, high values PCs composites 

negatively correlate with Blocking and SNAO- and positively with Atl.Ridge and 

Atl.Low. A different behaviour is found for low values PCs composites which present 

negative correlation with Blocking and SNAO-. Instead, moderate values composites do 

not show a clear correlation pattern. The maximum correlation is found between 

SNAO- and PC2 of 12 selected trees in the period 1910 – 1993. At the other end, 

correlations lower than -0.74 are obtained between SNAO- and high values of PCs 

composites (for PC1 of 31 trees in the period 1930 – 1993 and PC2 of 31 and 12 trees, 

15 and 12 selected trees in the period 1910 – 1993).  

In order to interpret the correlation values, the mean percentage of occurrence of each 

WR for each PC threshold is computed. In general, a high mean percentage of 

occurrence returns positive correlation while low mean percentage gives place to 

negative correlations. However, it also depends on the distribution of the percentage of 

occurrence, such as low values of PC1 for 31 tree-ring chronologies during the 

instrumental period 1930 – 1993, which shows an equal distribution of mean percentage 

returning positive correlation to SNAO- and negative to Blocking while Atl.Low and 

Atl.Ridge are low correlated.  
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Figure 11: Correlations (colour) between WR and tree-ring signals composites and 

mean percentage of occurrence (numeric) of each WR. Coloured values are greater 

than ± 0.3 (in absolute value) and significant at ) = 0.001 

5. Discussion 

5.1 Role of WR on Pyrenees observed climate 

Complexity of Pyrenees climate is clear through the analysis performed with WR 

frequency evolution and spatial patterns. Pyrenees latitudinal position, not north enough 

to make north Atlantic circulation determinant in all climate states, the proximity of the 

Mediterranean Sea, which works modifying the moisture input and softening 

temperature expected by the north Atlantic circulation, its east-west extension parallel to 

the westerly flow, and its orographic complexity are the major factors to this 

complexity. However, a part of the Pyrenees observed climate is driven by the WR. 
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Frequency evolution of Blocking is positively correlated with PPT but the correlation 

values are not too big. On the other hand, composites of PPT are positively correlated 

with Blocking for dry years composite and negative to SNAO-, the negative (but not 

symmetrical) face, for wet years composite. So, extreme PPT in the central Pyrenees is 

driven by SNAO, while moderate PPT is affected by other atmospheric processes of 

lower scales.  

Moreover, Tmin is negatively (positively) correlated to Blocking (Atl.Low) frequency 

and less strongly (but significantly) negatively to Atl.Ridge. Comparing their time 

evolution (Figure 12), Tmin shows linkage of different WR over time. The oldest Tmin 

minimum coincides with a SNAO- minimum and Blocking maximum, the latter Tmin 

trend follows Atl.Low until 1921, when Tmin follows Atl.Ridge. Between 1934 and 

1941 Atl.Low and fluctuations are comparable. Meanwhile, SNAO- variability is 

opposite to Tmin evolution (1923 – 1941), changing during the next and a half decade. 

A simultaneous minimum occurs in 1957 in Tmin and Atl.Low, after which a 

decreasing trend is similar in both signals. From 1973, when a new Tmin occurs, until 

1994, Blocking variability strongly coincides with Tmin fluctuations. The maximum of 

Atl.Low in 2003, and the following years behaviour, is well captured by Tmin. 
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Figure 12: Evolution of Tmin (darkgreen) and each WR 5 years quadratic Sav-gol 

filtered. 

Composites of Tmin show a different face of this behaviour. Cold years composite is 

negatively correlated to Atl.Low and positive to SNAO-, while warm years composite 

negatively correlates to Atl.Ridge. Furthermore, moderate Tmin years composite is 

positively correlated to Atl.Ridge and negatively to SNAO-. Either way, Tmin 

behaviour is conducted by multiple WR. 

Finally, Tmax is not clearly linked to WR, although it is interesting to highlight that 

Blocking is negatively correlated to moderate Tmax years composites. So, not extreme 

Tmax years are in negative phase of SNAO, what, given the latitude of the Pyrenees, is 

in concordance of usual summer temperature.  
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The combined PPT and Tmin criteria composites allows to obtain a more specific 

climate catalogue for the central Pyrenees. Persistent Blocking pattern induces wet and 

cold summers in the Pyrenees, supported by the positive correlation (0.82) between 

them and the negative correlation (-0.59) between this composite and SNAO- (Figure 

13). This reduction in the correlation value is due to the difference of the high pressure 

center position between Blocking and SNAO- low pressure, being further south in the 

second case.  

Dry and cold composite is characterized by a low pressure centered in northern British 

Islands and a high pressure in Iceland. The lower extension is shorter than the high 

pressure in Blocking, however, it is in the same position, which induce a negative 

correlation between them of -0.62. The positive correlation with Atl.Ridge is more 

related to the high pressure in the Atlantic ocean, although the position of the two 

centers of action in Atl.Ridge are displaced respect to those observed in the composite. 

Nevertheless, Atl.Ridge mean percentage of occurrence is the highest in the years of 

this composite. 
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Figure 13: Composite of wet and cold years (top) and dry and cold years (bottom) in 

colour maps and WR with highest (lowest) correlation values as contour maps. 

Correlation value is shown in the right-top of each map. 

Wet and warm years composite maximum correlation is found for Atl.Ridge (Figure 

14), for which the mean percentage of occurrence in these years is also maximized. 

However, a clear intense dipole arises on this composite such in the Atl.Ridge, the two 

centers of pressure are displaced: the high pressure is further north in the composite 

forcing the low pressure center to be further east and giving rise to another high 

pressure center in east Europe. 

For its part, dry and warm composite shows less intense pressure values and correlation 

sign opposite to dry and cold composite with Blocking and Atl.Ridge. Years of this 

composite are characterized by a high mean percentage of occurrence of Blocking 

pattern. The composite shows a high pressure centered over the North Sea, with a 

smaller extension smaller extension than Blocking high pressure and a low pressure 

center in the North Atlantic. 
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Figure 14: Composites of wet and warm years (top) and dry and warm years (bottom) 

in colour maps and WR with highest (lowest) correlation values as contour maps. 

Correlation value is shown in the right-top of each map. 

A high intense pressure center in the north Atlantic characterizes the moderate and cold 

composite, which is in the same position as the low pressure center in the Atl.Low, 

returning a high negative correlation value. Two low pressure centers, one in the 

southwestern North Atlantic and another in eastern Europe, give the positive correlation 

with SNAO-. This composite, in fact, corresponds to an Omega blocking pattern, 

bringing cold air from the polar region to the Pyrenees.  

Finally, the last composite with correlation absolute value higher than 0.51 with one 

WR is the PPT and Tmin moderate years. In this case, a latitudinal dipole of high 

pressure in the southwestern North Atlantic and a high pressure extended from Iceland 

to eastearn Europe releases. The high mean percentage of occurrence of Atl.Low and 

the low mean percentage of SNAO and Blocking during moderate PPT and Tmin years 

give rise to this SLP configuration. 
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Figure 15: Composites of PPT moderate and cold years (top) and PPT and Tmin 

moderate years (bottom) in colour maps and WR with highest (lowest) correlation 

values as contour maps. Correlation value is shown in the right-top of each map. 

 

5.2 Relation between Observed Climate and Tree-ring Signals 

The capability of tree-rings signals to capture some states of observed climate in the 

Pyrenees have been shown in section 4.2. However, only observed climate which is 

directly influenced by WR can be captured by tree-ring signals. Furthermore, in order to 

reconstruct past climate, we focus on the longest periods covered by PCA. The highest 

correlations found for long covering periods are the cases of 12 trees with PCA analysis 

covering the period 1700 – 1993 and 12 selected trees with PCA analysis covering the 

period 1800 – 1993. 
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As we have seen, moderate values of PPT and Tmin composite is correlated with 

Atl.Ridge and it is captured by high values of PC1 tree-rings signals which are 

simultaneously correlated to Atl.Ridge. The meaning of the first mode of variability 

(PC1) could be understood as which captures the normal Pyrenees climate in which one 

trees grows. The correlation with Atl.Ridge is due to the northern low pressure in 

Scandinavia, which allow a high pressure in the northwest of Africa, which is not as 

well captured by this WR (Figure 16). This composite of high PC1 values for 12 

selected trees covering the period 1800 – 1993 are also negatively correlated to 

Blocking pattern, which indicates that during moderate climatic years in the Pyrenees 

and high PC1 values Blocking pattern is not frequent. In the other hand, low values of 

this PC1 are also correlated to Atl.Ridge, but not too many cases support this relation, 

especially when the instrumental period is analysed. 

 

Figure 16: High values PC1 composite from 12 selected trees during the period 1800 – 

1993 (colour maps) compared to moderate PPT and Tmin composite (left) and 

Atl.Ridge (right) contour maps. Correlation values are shown in the top-right of each 

map. 

Moderate PPT and cold years composite is positive correlated to SNAO- as it is shown 

in the previous section. By its part, moderate values of PC1 for the 12 trees which cover 

the period 1700 – 1993 are highly correlated to this composite and the same WR (Figure 

17). Differences in the position and extension of the low pressure in the north of Europe 

can be noted, being more extended north to south than the ones in SNAO-. Respect to 

the moderate PPT and cold composite the emergence of a low pressure in the 

southwestern region is missed on the composite from PC1 moderate values for this case. 

This composite is negatively correlated to Atl.Low (Figure 11) as it also occurs with the 
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moderate PPT and cold composite due to the low percentage of occurrence in those 

years. 

 

Figure 17: Moderate values PC1 composite from 12 trees during the period 1700 – 

1993 (colour maps) compared to moderate PPT and cold composite (left) and SNAO- 

(right) contour maps. Correlation values are shown in the top-right of each map. 

Dry and cold composite correlates to PC2 high values for 12 trees covering the period 

1700 – 1993, which, at the same time, correlates to Atl.Ridge (Figure 18). In this case, 

the low and high pressure captured by PC2 high values are more southern than the ones 

in Atl.Ridge, allowing low pressure extension through the Mediterranean until north 

Africa. Also some differences are noted with dry and cold composite, which affects the 

moisture input in the Pyrenees emerging a moderate wet pattern in high PC2 values 

composite (Figure 19). Furthermore, this composite of PC2 high values is negatively 

correlated to dry and warm years composite and Blocking, consistently to Figure 14 for 

dry and warm composite. This fact can be understood by the capability of TRW signal 

to capture wet situations in which the growth of trees may be favoured. 
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Figure 18: High values PC2 composite from 12 trees during the period 1700 – 1993 

(colour maps) compared to dry and cold composite (left) and Atl.Ridge (right) contour 

maps (top) and to dry and warm composite (left) and Blocking (right) contour maps 

(bottom). Correlation values are shown in the top-right of each map. 
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Figure 19: Composites of high values PC2 for GPCC, AIRT and UQ (top) and dry and 

cold composite for the same variables (middle) and dry and warm composite (bottom). 

 

Wet and moderate Tmin composite has not been discussed in section 5.1 due to its 

correlation value with WR is not too large, being the maximum found for Atl.Low and 

negative correlated to SNAO-. However, some PCs of high values show positive 

correlation with this composite. The highest correlation for long period covered PCA is 

with PC2 high values for 27 trees covering the period 1800 – 1993 (Figure 20). This 

shape is opposite to moderate PPT and cold years composite (Figure 15), being its 

correlation with PC2 high values composite of -0.73. In this case, the Atl.Low is 

capturing fairly good the position of the low pressure and the high pressure over 

northern Europe, while the high pressure over Azores islands is missed. 
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Figure 20: High values PC2 composite from 27 trees during the period 1800 – 1993 

(colour maps) compared to wet and moderate Tmin composite (left) and Atl.Low (right) 

contour maps. Correlation values are shown in the top-right of each map. 

 

6. Conclusions 

The regional anomaly series defined in the central Pyrenees have been allowed to obtain 

the synoptic configurations which emerge on years of extreme and normal climate in the 

central Pyrenees by using composites.  

Different behaviours have been identified: while Atl.Low seems to influence Tmin 

during all modes considered and a combination of Blocking and Atl.Low lead PPT, 

Tmax is leaded by different WR. However, the frequency of occurrence of WR seems to 

be related to the spatial correlation between composites and WR. 

The age model error applied on tree-ring chronologies allows to achieve a common 

signal from tree-rings width in the central Pyrenees by applying a PCA, showing a 

dependence on the number of considered chronologies compared with the Pyrenees 

regional series. The differences in the spatial coverage between the regional anomaly 

series and the chronologies sites can be an explanation of, even being significant, not 

being high correlation values.  

Composites from PC signals have also been correlated with regional anomaly 

composites obtained by appliying individual or combined criteria in PPT and Tmin 

giving the chance of interpreting the limitation of tree-rings growth by different 
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combinations of climatic factors (only due to precipitation or temperature or PPT and 

Tmin acting simultaneously). Furthermore, a comparison between PC signals and WR 

have been preformed. 
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Supplementary material “Role of North Atlantic weather regimesn in the central 

Pyrenees climate from instrumental and tree-ring data”  

 
Figure S.1: SLP composites applying criteria over individual variables PPT, Tmin and 

Tmax. 
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Figure S.2: SLP composites applying criteria over PPT and Tmin. 
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Figure S.3: Variance of scores in PC1 and PC2 overcome the third quartile. 

 

Tables S.1: Description of TRW chronologies analysed: ID, location, number of trees 

and cores, starting and ending year and source of each chronology. 

ID crono Long Lat Height 
Nº 

Trees 

Nº 

Cores 

Start 

Year 

Last 

Year 
Source 

AMPU 42º 35’ 0º 59’ E 2390 12 34 1725 2009 
Galván et al, 

2015 

DPU50e 42º 31’ 0º 45’ E 2199 41 86 1760 2006 

Batllori & 

Gutierrez, 

2008 

E6AIR 42°42' N 1°02'E 2300 14 24 1780 1996 
Galván et al, 

2015 

E6AMI 42º 36' N 0º 59'  E 2333 12 25 1770 1995 

Gutiérrez et 

al. 1998, 

Tardif et al, 

2003 

E6BIE 42º 43' 00" N 00º 11' 45'' E 2100 11 21 1785 1996 
Galván et al, 

2015 
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E6CON 42º 38' N 00º 45' E 2106 17 32 1590 1994 

Gutiérrez et 

al. 1998, 

Tardif et al, 

2003 

E6CUCT1 42º 37' 05'' N 00º 11' 24'' W 2150 23 42 1820 1998 

Gutiérrez, 

E. 

Unpublished 

data 

E6DEL 42º 34' N 0º 57'  E 2208 19 42 1585 1995 

Gutiérrez et 

al. 1998, 

Tardif et al, 

2003 

E6ELL 42º 33' N 1º 04' E 2076 10 20 1650 1996 

Gutiérrez et 

al. 1998, 

Tardif et al, 

2003 

E6ENP4 42º 32' N 1º 03' E 2360 10 19 1785 1996 

Gutiérrez et 

al. 1998, 

Tardif et al, 

2003 

E6LAE 42º 41' N 00º 06' E 1990 10 24 1735 1993 

Gutiérrez et 

al. 1998, 

Tardif et al, 

2003 

E6LRA 42°57' N 0°46'W 1750 16 31 1755 1999 

Gutiérrez et 

al. 1998, 

Tardif et al, 

2003 

E6LLA 42º 32' N 0º 55' E 2250 31 59 1415 1997 

Gutiérrez et 

al. 1998, 

Tardif et al, 

2003 

E6LOv 42°34' N 0°57'E 2323 7 10 1721 2011 Galván et al, 
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2015 

E6MSM9 42º 55' N 1º 00' E 2193 8 14 1750 1995 

Gutiérrez et 

al. 1998, 

Tardif et al, 

2003 

E6MVC8 42º 38' N 01º 04' E 2017 9 24 1745 1997 

Gutiérrez et 

al. 1998, 

Tardif et al, 

2003 

E6NUR 42°23' N 2°08'E 2075 20 37 1790 2001 

Gutiérrez, 

E. 

Unpublished 

data 

E6ORD2 42º 38' 31'' N 00º 03' 29'' W 1935 13 24 1685 1998 
Camarero et 

al, 1998 

E6PER 42°27' N 1°37'E 2350 20 39 1755 1997 
Camarero et 

al, 1998 

E6RAT7 42º 35' 24'' N 1º 00' 00'' E 2300 10 20 1800 1999 

Gutiérrez et 

al. 1998, 

Tardif et al, 

2003 

E6SET 42°24' N 2°17'E 2080 11 19 1845 1999 

Gutiérrez, 

E. 

Unpublished 

data 

E6TSC6 42º 36' 33'' N 1º 03' 00'' E 2310 22 34 1765 1995 

Gutiérrez et 

al. 1998, 

Tardif et al, 

2003 

FRPU 42º 37’ 0º 06’ E 2031 9 26 1490 2009 
Camarero et 

al, 1998 

FUF2 42º 33’ 1º 23’ E 2352 17 33 1910 2003 Gutiérrez, 

UNIVERSITAT ROVIRA I VIRGILI 
CLIMATE ANALYSIS IN THE CENTRAL PYRENEES FROM INSTRUMENTAL AND PALEOCLIMATE PROXY DATA 
Nuria Pérez Zanón 
 



Climate analysis in the central Pyrenees from instrumental and proxy data. 

  

186 

E. 

Unpublished 

data 

GEPUt 42°36' N 0°59'E 2268 28 64 1505 2009 
Galván et al, 

2015 

LCUBe 42º 31’ 1º 21’ E 2363 22 39 1680 2003 

Gutiérrez, 

E. 

Unpublished 

data 

NEPUt 42º 33’ 1º 02’ E 2451 34 57 1525 2009 
Galván et al, 

2015 

PUCBO2 42º14'03.6"N 1°07'14.3"E 1915 16 26 1890 2013 

Gutiérrez, 

E. 

Unpublished 

data 

SBPU6 42°41' N 0°05'E 2296 36 72 1545 2009 

Gutiérrez, 

E. 

Unpublished 

data 

SCPU 42°38' N 0°04'W 2247 24 48 1580 2009 

Gutiérrez, 

E. 

Unpublished 

data 

UPF18B 42°14' N 1°42'E 2100 36 85 1475 2006 

Dorado-

Liñán et al, 

2012 
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Chapter 6 – Discussion and conclusions 

The aim of this chapter is to summarize main findings presented in each chapter and 

provide a global view of the scientific contribution that they provide, as well as clearly 

demonstrating how the main aims of this thesis have been achieved. Finally, the new 

horizon of questions and future work that this study has raised are explored. 

6.1. General Discussion 

In this section, a summary of the results discussed in each chapter is presented, followed 

by a global overview of them. 

6.1.1. Summary  

• Chapter 2 – Comparison of homogenization methods 

The comparison of the advanced homogenization methods, ACMANT and HOMER, 
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applied over the observed temperature data in observatories of the central Pyrenees has 

enabled the recognition of the available data in the Pyrenees, the difference between the 

homogenization methods and find errors on the data.  

Even though both are, two modern, partly similar, multiple break point homogenization 

methods, HOMER and ACMANT have distinct strengths and weaknesses, showing 

different results in some characteristics (Table 1). 

Table 1: Advantages of each homogenization method. 

	  

ACMANT HOMER 

Number of 

breaks 

More breaks detected �   

More breaks justified by metadata   � 

User 

dependency 

Allow user to introduce metadata   � 

Easier handling of big datasets �   

 

Furthermore, differences in the trends obtained by applying both methods were found. 

However, these differences are similar to other research performed in the Pyrenees 

(Bücher and Dessens, 1991; Cuadrat et al., 2013; Esteban et al., 2012). Three factors 

can explain the differences that do exist between studies: the different time periods in 

focus, the homogenization methods applied and the differences in the number and 

geographical distribution of stations.  

The identified Vielha data error is a good example to illustrate the usefulness of simple 

statistical analysis, such as correlation values, applied before and after homogenization. 

This error was corrected well with ACMANT for Tmax, but not for Tmin since the 

control of seasonal changes is included only in the homogenization of Tmax with 

ACMANT. HOMER outputs indicated the error, but, due to the smoothness of the 

annual means, it was overlooked. So, the importance of QC to avoid these large errors 

was manifested and, if HOMER is applied, a thorough revision of their outputs should 

be performed in the available annual and seasonal time scale outputs. 
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• Chapter 3 – Regional anomaly series 

To obtain high-quality regional anomaly series (Chapter 3), that capture the climate 

variability and change in the central Pyrenees for the longest available period, HOMER 

was selected to homogenize the observed data set, because HOMER includes 

ACMANT detection. Regional anomaly series for PPT, Tmax and Tmin were obtained 

for annual and seasonal time periods during the period 1910–2013. After applying QC 

and homogenization procedures, the most completed series were averaged using the 

Osborn correction that avoids the biases due to the time varying sample size data. 

Improving series and their reliability is demonstrated by the comparison between the 

quality controlled and the homogenized data, a spatial correlation analysis and a 

comparison with an independent data set for the regional anomaly series.  

Trend analysis has shown a highly significant increase in temperatures and important 

inter-annual PPT variability without significant trends over the central Pyrenees. It is 

interesting to highlight the differences between trends considering the period 1910–

2013 or 1970–2013: Tmax and Tmin trends strongly increase during the recent period 

and PPT trends mostly decrease even if they are not significant (Table 2). 

Temperature trends are consistent with the ones obtained in other works developed in 

the Pyrenees (Esteban et al., 2012) and are similar to trends in the Iberian Peninsula (IP; 

Brunet et al., 2006). They are also consistent with long term-trends found in different 

regions of the Alps for the period 1856–1998: ~0.05 	/dec in summer, ~0.1 	/dec in 

winter and between ~0.07 and ~0.09 	/dec annual mean temperature (Auer et al., 

2001). While no altitude dependence has been shown in the central Pyrenees 

temperature trend, some features of temperature in the Alps are clearly dependent on 

altitude (Auer et al., 2001). Global scale mean temperature trends have the same 

magnitude order and present an equivalent increase of trends during the recent period 

(Jones, 2016). 
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Table 2: PPT, Tmax and Tmin trends for the two studied periods Significant trends are 

in bold (Pérez-Zanón et al., 2017). 

    Central Pyrenees 

    1910–2013 1970–2013 

PPT 

(%/dec) 

Annual -0.64 -2.70 

Winter -0.77 -8.59 

Spring -1.17 -0.66 

Summer -0.70 -4.62 

Autumn -0.30 -1.95 

Tmax 

(	/dec)�

Annual 0.11 0.57 

Winter 0.06 0.29 

Spring 0.13 0.87 

Summer 0.17 0.74 

Autumn 0.08 0.43 

Tmin 

(	/dec) 

Annual 0.06 0.23 

Winter 0.12 -0.05 

Spring 0.02 0.40 

Summer 0.07 0.27 

Autumn 0.09 0.31 

 

Precipitation trends in the central Pyrenees, while not significant (Table 2), showed a 

tendency to reduction when comparing the entire and the recent period values. These 

trends are coherent with the analysis of López-Moreno et al. (2010), which also showed 

that some features of precipitation trends can abruptly vary from one observatory to 

another. Precipitation trends in the IP were analysed by Rodrigo and Trigo (2007), 

showing a negative trend in the northern IP for daily total amount of precipitation and 

intensity, while the number of precipitation days didn’t show a significant trend.  

• Chapter 4 – Limnological analysis 

Recent expansion of anoxia in fresh waters, which has become a global issue, has been 

studied offering innovative and novel insights (Chapter 4). This problem is addressed 

for the first time in the Mediterranean region using long-term varved lake sediments. A 
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multiproxy approach and the homogenized regional climate data ensures the reliability 

of the analysis.  

Different phases in the evolution of oxygen shifts over time were detected which can be 

driven by climate and/or anthropogenic forcings, being able to clearly distinguish pre- 

and post-industrial oxygenation trends. A direct connection between oxygen shifts and 

ongoing climate change was found, although, a more refined distinction between the 

effects of humans and climate is necessary since human effects and climate can overlap 

in this area.  

The regional anomaly series of the central Pyrenees has allowed the investigation of the 

extent to which the oxic/anoxic shifts in Lake Montcortès could be associated with 

present climatic variability and change over the last century and to present days. 

Analysis of the XRF time series of Fe/Ti ratio evolution, which is considered to be an 

indicator of oxido-reduction variations, yielded interesting results. In this case, a 

threshold applied to the regional anomaly series was used to define cold and dry years 

in the Pyrenees, since extreme climate occurrences were supposed to trigger mixing up 

of the water column and therefore a thorough oxygenation.  

This methodology showed that cold and dry years in the Pyrenees could be acting as a 

precursors or external forcings to the following year’s mixing of Montcortès lake water 

column. However, the 1957–1959 period of three extreme Fe/Ti values did not exhibit a 

clear relationship with climate variables, indicating that other types of environmental 

conditions could also trigger a mixing event. High wind speed was suggested as another 

climatic precursor, but there are insufficient data available in the study area that could 

support this hypothesis, chiefly, due to the distance between Montcortès lake and 

meteorological observatories. On the other hand, the lower ends of the Fe/Ti values, 

denoting persistent anoxia, were preceded by a period of warmer years, but it cannot be 

ruled out that other factors could be involved. 

Summarizing, the classification of subsets obtained from the PCA showed four main 

(A, B, C and D). Interestingly, at least 45.3% of the years were mixing years and, like 

the meromictic years, mostly occurred arranged in groups of consecutive years, thus 

alternating years of monomixis with years of meromixis. However, during the 
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instrumental period, more than 90% of the targeted years belonged to subsets B and C, 

and the years of subset C were roughly warmer and drier than those of subset B, which 

was typically due to warm and dry winters.  

The analysis performed between the sediments variables and the NHAT since 1500 

showed significant correlations during the 20th century might be affecting some of the 

mechanisms that control the sedimentation processes linked to oxygen availability, 

while, previously, regional or local climate and/or human pressure may have played a 

more determinant role. 

• Chapter 5 – Weather regimes and tree-ring data 

The manuscript in preparation, shown in chapter 5, deals with the involvement of 

summer large-scale weather regimes in controlling Pyrenees regional climate and 

modulating Pinus Uncinata tree-rings growth. The presented analyses use composites 

from the regional anomaly series to define the summer synoptic scale configurations 

which emerge in years of extreme and normal climate in the central Pyrenees.  

These composites, considered individual variables or PPT and Tmin simultaneously, 

have been compared with the four WR that summarize the summer pressure systems in 

summer: Blocking, Atl.Low, SNAO- and Atl.Ridge. If individual variables are 

considered, Tmin is positive correlated with Atl.Low and PPT with Blocking, while a 

more complex signal is obtained by the spatial comparison between individual and 

combined PPT and Tmin criteria to define composites. 

The age model error applied on TRW chronologies allows to achieved a common signal 

in the central Pyrenees by applying a PCA. The obtained signals, that are shown to be 

different depending on the number of chronologies considered, have been compare with 

the Pyrenees regional series. The differences in the spatial coverage between the 

regional anomaly series and the chronologies sites can be an explanation of, even 

presenting significant correlation, the correlation magnitude is not conclusive.  

Composites from PC signals have also been correlated with regional anomaly 

composites giving the chance to interpret the limitation of tree-rings growth by different 

combinations of climatic factors (only due to precipitation or temperature or PPT and 
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Tmin acting simultaneously). Furthermore, an evaluation of PC signals to capture, and 

therefore, to reconstruct WR have been performed. 

6.1.2. Global overview 

Nowadays, one of the hottest topics in climatology is the low-frequency climate 

variability and the forcing factors which can be related such as the internal ocean-

atmosphere coupling. To study this low-frequency variability, long-term climate data is 

required. However, long-term climate observations are spatially not as frequently 

available as it would be desired, especially in mountainous regions, where did not start 

until the late eighteenth century. So, to be able to improve the scientific knowledge of 

low-frequency climate variability, it is necessary to obtain long-term climaic series by 

other procedures. These alternative procedures to direct observation are, typically, the 

reconstruction of past climate from proxies.  

Furthermore, to study the ocean-atmosphere coupling in the Pyrenees latitude, the 

Atlantic Meridional Overturning Circulation is studied and related to the AMO, which 

is characterized by the SST (Knudsen et al., 2014; Yamamoto and Palter, 2016). At the 

same time, AMO is related to NAO (such as Woollings et al., 2014). This means that 

part of the AMO variability is due to or influencing the atmospheric variability, and, the 

most frequent mode of variability in the North Atlantic, the NAO, is used to explore this 

relation. So, not only a long-term series is necessary to explore low frequency climate 

variability, whether not it should be able to capture large-scale atmospheric variability. 

To sum up, the main results of this thesis are a step towards the low-frequency climate 

knowledge. TRW chronologies are, at least partially, able to capture WR which are the 

large-scale synoptic atmospheric variability in summer by the applied methodology. 

The consistency of the obtained signals from TRW chronologies has been checked by 

relating them to WR and the regional anomaly series. The quantification of their 

relation, complex to establish, is reliable thanks to the high-quality of the regional 

anomaly series here presented. 

Other studies deal with low-frequency signals and/or the physical mechanisms involved. 

In the Alps, the links between flood events and solar radiation, volcanic eruptions, 
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climate variability and North Atlantic dynamics have been explored in the period 1800–

2010 (Peña, 2015). Another example is the study of the displacement of the Atlantic 

intertropical convergence zone (ITCZ) in 2003 warm summer in Europe, suggesting 

tropical– extratropical Atlantic connection (Cassou et al., 2005). These forcings and 

mechanisms may influence the central Pyrenees climate despite the variables altered, 

and the sign and amplitude of their consequence still undetermined. 

 

6.2. Conclusions 

In this thesis, the climate of the Pyrenees has been studied using instrumental and proxy 

data and for different time and spatial scales. The characterization of the observed 

climate in the central Pyrenees during the instrumental period has been possible thanks 

to the regional anomaly series obtained and the exploration of the influence of summer 

weather regimes in the central Pyrenees regional observed climate. On the other hand, 

the capability of paleoclimate proxies to capture observed climate has been evaluated. 

Globally, the general aims of the thesis have been achieved and principal conclusions 

are: 

- The application of QC test on climate observations is essential before obtaining 

a reliable climate result. 

- Use HOMER if metadata is available or the user is an expert in homogenization 

and wants to take the control on the homogenization process. 

- Use ACMANT if the dataset to homogenize is big or the user is not an expert in 

homogenization as it is automatic. 

- The thermopluviometric regional anomaly series which characterize the central 

Pyrenees climate during the period 1910–2013 are determined in annual and 

seasonal time periods, presenting the newly recovered period 1910–1949. 

- The increase of annual Tmax and Tmin in the central Pyrenees is significant in 

the central Pyrenees and it has been intensified during the recent period, 

particularly in spring. 
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- Annual and seasonal PPT in the central Pyrenees show a non-significant 

decreasing trend, likely due to their high interannual variability. 

- No altitude dependency of temperature trends in individual observatories is 

found. 

- The four WR which determine the North Atlantic–European dynamical 

signature of the summertime atmospheric variability are obtained: Blocking, 

Atl.Low, Atl.Ridge and SNAO-. 

- Compared WR frequency with regional anomaly series from central Pyrenees: 

o Tmin evolution is significant positive correlated to Atl.Low and 

significant negative correlated to Blocking. 

o PPT evolution is significant negative correlated to Atl.Low and 

significant negative correlated to Blocking. 

- Composites of extreme and normal climate in the central Pyrenees are obtained 

for individual variables (Tmax, Tmin and PPT) and for a combined PPT and 

Tmin criteria. 

- Cold and dry years in the central Pyrenees could be acting as a precursors or 

external forcings to the following year’s mixing of Montcortès lake water 

column. 

- Periods of warmer years precede lower ends of Fe/Ti values, denoting persistent 

anoxia of Montcortès lake water column. 

- The methodology applied for age model error simulations has enabled a 

common signal to be obtain for the study area  

- The capability of TRW chronologies by applying this methodology to capture 

regional or large scale climate depends on the number of chronologies 

considered and their spatial distribution.  
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 This work broadens the knowledge of the climate of the study area and also generates 

the following resources: 

•  covering, partially or completely, the period 1910–2013 : 

- A dataset of daily quality controlled Tmax, Tmin and PPT data from 155 

observatories, either manual or automatic, in the study area. 

- A dataset of 60 monthly homogenized PPT series from 60 and 42 monthly 

homogenized Tmax and Tmin series from the previous observatories. 

– A dataset of annual and seasonal regional anomaly series (publically available 

online http://www.c3.urv.cat/data1.html) 

• A catalogue of composites of the North Atlantic – European sector SLP for 

extreme and mean observed climate in the central Pyrenees. 

• A dataset of 31000 age model error simulations of the 31 TRW chronologies 

being the longest starting in 1415. 

 

6.3. Future work 

Next steps could be the reconstruction of the time evolution of one or more WR 

frequencies taking advantage of the analyses that have already been performed with the 

tree-ring growth from the central Pyrenees. A similar methodology could be applied to 

the lake Montcortès sediments, profiting from deep knowledge provided by the analysis 

from chapter 4 and other Montcortès project publications. 

Furthermore, the regional anomaly series open a new horizon of possibilities in the 

study of climate change and variability in the central Pyrenees: 

• analyse the large-scale synoptic pressure systems in winter, 

• test climate models in the study area, 

• analyse climate projections in the central Pyrenees, 
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• obtain the homogenized dataset of observatories in the central Pyrenees at daily 

time scale 

• and taking advantage of the daily data, study climatological extreme events in 

the area, 

• explore new possibilities to extend back in time the regional climate knowledge 

• and evaluate the possibilities of extend spatially the regional anomaly series. 
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List of abbreviations 

AC Homogenized data after applying ACMANT 

ACMANT Adapted Caussinus-Mestre Algorithm for Networks of Temperature 

series 

AEMET Spanish National Meteorology Agency 

AMO Atlantic multidecadal Oscillation 

Atl.Low Atlantic Low 

Atl.Ridge Atlantic Ridge 

COP21 Twenty-first session of the Conference of the Parties 

CPS Counts Per Second 

GCM Global Climate Models 

GSB Green Sulfur Bacteria 

HO Homogenized data after applying HOMER 

HOMER HOMogenization software in R, 

ID Identification 

IP Iberian Peninsula 

IPCC Intergovernmental Panel on Climate Change 

ITCZ Intertropical Convergence Zone 

Lat Latitue 

LIA Little Ice Age 

Long Longitude 

MO Mediterranean Oscillation 

NAO North Atlantic Oscillation 

NHTA North Hemisphere Temperature Anomaly 

NRC National Research Council 

OPCC Pyrenees Climate Change Observatory 

PC Principal Component 

PCA Principal Component Analysis 

PPT Precipitation 

PSB Purple Sulfur Bacteria 
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QC Quality Control 

RCM Regional Climate Models  

SCC Spearman Correlation Coefficients 

SDATSv2 Spanish Daily Adjusted Temperature Series 

SLP Sea Level Pressure 

SMC Catalonia Meteorological Service 

SNAO Summer North Atlantic Oscillation 

SP Significant Period 

SST Sea Surface Temperature 

TIC Total Inorganic Carbon 

Tmax Maximum temperature 

Tmean Mean temperature 

Tmin Minimum temperature 

TOC Total Organic Carbon 

TRW Tree Ring Width 

TS Total Sulfur 

UERRA Uncertainties in Ensembles of Regional Reanalyses 

UHPLC Ultra-High Performance Liquid Chromatography 

WMO World Meteorological Organisation 

WR Weather Regime 

XRF X-ray fluorescence 
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