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ABSTRACT 

This doctoral thesis presents the development, verification and application of an 

original downscaling method for daily temperature and precipitation, which combines 

two statistical approaches. The first step is an analogue approach: the “n” days most 

similar to the day to be downscaled are selected. In the second step, a multiple 

regression analysis using the “n” most analogous days is performed for temperature, 

whereas for precipitation the probability distribution of the “n” analogous days is used to 

obtain the amount of precipitation. Verification of this method has been carried out for 

the Spanish Iberian Peninsula and the Balearic Islands. Results show good 

performance for temperature (BIAS close to 0.1ºC and Mean Absolute Errors around 

1.9ºC); and an acceptable skill for precipitation (reasonably low BIAS with a mean of -

18%, Mean Absolute Error lower than for a reference simulation, i.e. persistence, and a 

well-simulated probability distribution according to two non-parametric tests of 

similarity). To show the applicability of the method, a study case has been analyzed. 

The method was applied to four climate models under different future emission 

scenarios for the region of Aragón, thus producing future projections of daily 

precipitation and maximum and minimum temperatures. The reliability of the 

downscaling technique was re-assessed for the study case by a verification process. 

To determine the ability of the climate models to simulate the real climate, their 

simulations of the past (the 20C3M output) were downscaled and then compared with 

the observed climate – the results are quite robust for temperature and less conclusive 

for the precipitation. The downscaled future projections exhibit a significant increase 

during the entire 21st century of the maximum and minimum temperatures for all the 

considered future emission scenarios. Precipitation simulations exhibit greater 

uncertainties. Furthermore, the practical applicability of the method was demonstrated 

also by using it to produce future climate scenarios for some other study cases in 

different sectors and regions of the world. Special attention was paid to an application 

of the method in Central America, a region that is already suffering from significant 

climate change impacts and that has a very different climate from others where the 

method was previously applied. 
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RESUMEN 

Esta tesis doctoral presenta el desarrollo, verificación y aplicación de un método 

original de regionalización estadística para generar escenarios locales de clima futuro 

de temperatura y precipitación diarias, que combina dos pasos. El primer paso es un 

método de análogos: los "n" días cuya configuración atmosférica de baja resolución es 

más parecida a la del día problema, se seleccionan de un banco de datos de 

referencia del pasado. En el segundo paso, se realiza un análisis de regresión múltiple 

sobre los "n" días más análogos para la temperatura, mientras que para la 

precipitación se utiliza la distribución de probabilidad de esos "n" días análogos para 

obtener la estima de precipitación. La verificación de este método se ha llevado a cabo 

para la España peninsular y las Islas Baleares. Los resultados muestran unas buenas 

prestaciones para temperatura (BIAS cerca de 0.1ºC y media de errores absolutos 

alrededor de 1.9ºC); y unas prestaciones aceptables para la precipitación (BIAS 

razonablemente bajo con una media de -18%; error medio absoluto menor que para 

una simulación de referencia (la persistencia); y una distribución de probabilidad 

simulada similar a la observada según dos test no-paramétricos de similitud). Para 

mostrar la aplicabilidad de la metodología desarrollada, se ha aplicado en detalle en un 

caso de estudio. El método se aplicó a cuatro modelos climáticos bajo diferentes 

escenarios futuros de emisiones de gases de efecto invernadero, para la región de 

Aragón, produciendo así proyecciones futuras de precipitación y temperaturas 

máximas y mínimas diarias. La fiabilidad de la técnica de regionalización fue evaluada 

de nuevo para el caso de estudio mediante un proceso de verificación. Para 

determinar la capacidad de los modelos climáticos para simular el clima real, sus 

simulaciones del pasado (la denominada salida 20C3M) se regionalizaron y luego se 

compararon con el clima observado (los resultados son bastante robustos para la 

temperatura y menos concluyentes para la precipitación). Las proyecciones futuras a 

escala local presentan un aumento significativo durante todo el siglo XXI de las 

temperaturas máximas y mínimas para todos los futuros escenarios de emisiones 

considerados. Las simulaciones de precipitación presentan mayores incertidumbres. 

Además, la aplicabilidad práctica del método se demostró también mediante su 

utilización para producir escenarios climáticos futuros para otros casos de estudio en 

los distintos sectores y regiones del mundo. Se ha prestado especial atención a una 

aplicación en Centroamérica, una región que ya está sufriendo importantes impactos 

del cambio climático y que tiene un clima muy diferente. 
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I.1. Aims and scope 

Climate change is an undeniable reality (Cook et al., 2013). In its Fifth Assessment 

Report (AR5), the Intergovernmental Panel on Climate Change (IPCC) states the 

following (IPCC, 2014): 

―Warming of the climate system is unequivocal, and since the 1950s, many 

of the observed changes are unprecedented over decades to millennia.‖ 

―Those [anthropogenic activities] are extremely likely [95 per cent 

confidence] to have been the dominant cause of the observed warming 

since the mid-20th century‖ 

The international scientific community warns of the significant impacts that this 

change will have on human and natural systems. Some of these impacts are already 

perceptible on a local and global level.  

There are two main strategies to face this problem: 

 Mitigation, the aim of which is to reduce the anthropogenic causes for warming 

(the increase in Greenhouse Gases—GHG—in the atmosphere);  

 Adaptation, the aim of which is to minimize the negative impacts of the change that 

takes place (and take advantage of the positive ones).  

The purpose of this doctoral thesis is to contribute to the fight against climate 

change; specifically, by strengthening better adaptation to it. To address adaptation we 

need to know what conditions must be adapted to; in other words, we need simulations 

of the future climate. Additionally, these simulations must meet certain requirements in 

order to be used robustly to address adaptation. Outstanding among these 

requirements are:  

 Local detail: climate change has global causes (GHG emissions around the world), 

but its effects are local, with significant differences among different regions of the 

planet, and even between points close together. Moreover, many adaptation 

activities require local detail (von Storch, 1994; Beniston, 2003). For example, in 

order to select a species with which to reforest a particular area, or the parameters 
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of a particular hydraulic structure to be installed at a certain point, we must know 

the future climate expected in those particular points, with local detail. 

 Adequate temporal resolution: many essential features of the climate require 

having information with adequate temporal resolution. For example, having 

information on accumulated monthly precipitation is not enough for many 

applications, which require knowing how that precipitation is distributed during the 

month. Information on variables such as the maximum accumulated precipitation in 

24 hours or in 5 days is needed, or the number of days in a row without 

precipitation, etc. It‘s a similar scenario for temperature -monthly mean values are 

often insufficient, with information on maximum and minimum values within the 

month needed, as well as the length of heat or cold waves, etc. 

 Consideration and quantification of uncertainties: uncertainty is inherent in any 

climatic simulation. In order to define technically robust adaptation activities, the 

uncertainties associated with these simulations must be considered (Goodess et 

al., 2007). Therefore, one of the requirements that can be demanded is that the 

projections incorporate a quantification of said uncertainties.  

 Reliability: before simulating the future a check must be made in order to assess 

whether the tools used to make the projection function reliably. Thus, the 

downscaling methodology must be subjected to an exhaustive verification process 

that checks that its simulations for a past period correspond with the observations, 

taking all the temporal scales (from climatic to daily) into account. Likewise, the 

climate models that will be downscaled must be suitably validated, to ensure that 

their control runs reproduce the observed climate. The verification and validation 

results on a local scale also serve for a better quantification of the uncertainties.  

There are three steps that must be followed to address climate change adaptation:  

1. Simulate the future climate, meeting the abovementioned requirements.  

2. Evaluate the impact that this future climate will have on the sector or activity that 

is the object of interest. 

3. Design and implement adaptation activities that seek to minimize the negative 

impacts identified and take advantage of those that are positive.  



I. Introduction  
 
 

 - 7 - 

This doctoral thesis is focused on the first of these steps, seeking development of a 

methodology with which to simulate the future climate, putting great emphasis on the 

fulfilment of the technical requirements demanded for using these simulations in 

adaptation to climate change. 

One of the purposes was also to ensure the practical applicability of the research 

carried out, and therefore some specific applications were included. One of these 

applications corresponds to the study case of Aragón, which is shown in detail. Other, 

additional study cases are presented as examples of application in different sectors 

and even in different regions of the planet, although not in detail.  

Finally, it is important to emphasize that another purpose was that the methodology 

developed could be used in other regions of the globe, thus reinforcing its practical 

applicability. This point should be stressed, as significant climate change impacts are 

expected in different regions; for example, in many developing countries (which are in 

fact those least responsible for causing the problem, emitting the least GHG). 

Therefore, considerable effort (including a research stay) was dedicated to making an 

adaptation and application of the methodology developed in a region of Central 

America, the Gulf of Fonseca (Nicaragua, Honduras and El Salvador), and it was very 

satisfying to see that the results were quite good, and that this methodology can be 

used to help these countries in their struggle against the significant impacts of climate 

change. 

I.2. State of the Art 

I.2.1. Climate models, their limitations, and the need for downscaling 

The most powerful tools for constructing future climate projections are General 

Circulation Models (GCMs) (Huebener et al., 2007). For simplicity, this general term is 

used here to refer to different types of climate models (which have successively 

incorporated improvements), such as coupled Atmosphere-Ocean General Circulation 

Models (AOGCM) and Earth System Models (ESM). 

They are based on fundamental laws of nature (e.g., energy, mass and momentum 

conservation), and their development involves several main steps (Flato et al., 2013). 

First, the system‘s physical laws have to be expressed in mathematical terms. Then 

these mathematical expressions need to be implemented on a computer. GCM 
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development also requires building and implementing conceptual models (usually 

referred to as parameterizations) for those processes that cannot be represented 

explicitly, either because of their complexity (e.g., biochemical processes in vegetation) 

or because the spatial and/or temporal scales on which they occur are not resolved by 

the discretized model equations (e.g., cloud processes and turbulence). The 

development of parameterizations has become very complex (e.g., Jakob, 2010). The 

complexity of each process representation is constrained by observations, 

computational resources and current knowledge (e.g., Randall et al., 2007). 

The application of state-of-the-art climate models requires significant 

supercomputing resources, and limitations in those resources lead to additional 

constraints. Even when using the most powerful computers, compromises need to be 

made in three main areas (Flato et al., 2013): 

1. Numerical implementations allow for a choice of grid spacing and time step, 

usually referred to as ‗model resolution‘. Higher model resolution generally leads to 

mathematically more accurate models (although not necessarily more reliable 

simulations), but also to higher computational costs. 

2. The climate system contains many processes, which have different relative 

importance depending on the time scale of interest. Hence, compromises on 

including or excluding certain processes or components in a model must be made, 

recognizing that an increase in complexity generally leads to an increase in 

computational cost (Hurrell et al., 2009). 

3. Owing to uncertainties in the model formulation and the initial state, any individual 

simulation represents only one of the possible pathways the climate system might 

follow. To allow some evaluation of these uncertainties, it is necessary to carry out 

a number of simulations either with several models or by using an ensemble of 

simulations with a single model, both of which increase computational cost. 

One of the core GCM simulations within the suite of long-term experiments are the 

runs which cover much of the industrial period (1850 - at least 2005) and that can be 

referred to as ―twentieth century‖ simulations (Taylor et al., 2012). They are forced by 

observed atmospheric composition changes (reflecting both anthropogenic and natural 

sources). These runs have a key role for this work: they allow the evaluation of the 

model performance against present climate (Taylor et al., 2009). 
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 GCMs currently operate at spatial resolutions of around 200 km and this coarse 

resolution makes their climate information unsuitable as input for impact models (von 

Storch, 1994; Beniston, 2003). The latter are essential for designing adaptation policies 

that seek to minimize negative impacts of climate change and exploit positive ones. To 

solve this mismatch, in the last decades considerable effort has been put into the 

development of different strategies in order to infer high-resolution information from 

low-resolution variables, i.e., ‗sensibly projecting the large-scale information on the 

regional scale‘ (von Storch et al., 1993). All these strategies fall into the overall 

denomination of downscaling techniques. 

I.2.2. Downscaling approaches  

There are two main downscaling approaches (Murphy, 1999; Fowler et al., 2007). In 

so-called dynamical downscaling (Giorgi et al., 2001; Christensen et al., 2007), high-

resolution fields are obtained by nesting a Regional Climate Model (RCM) into the 

GCM (Giorgi et al., 1994; Jones et al., 1997), or using a GCM with variable resolution 

(stretching technique) (Déqué and Piedelievre, 1995). In the statistical approach (Wilby 

et al., 2004; Imbert and Benestad, 2005), high-resolution predictands are obtained by 

applying relationships identified in the observed climate between these predictands and 

large-scale predictors to GCM output.  

Both approaches have advantages and disadvantages, and both necessitate 

assumptions that cannot be verified for the climate change context (Giorgi et al., 2001). 

They therefore contribute to the uncertainty cascade leading to the final climate 

simulations. Several criteria can be used to assist in the selection of the most suitable 

approach depending on the application (Wilby et al., 2004).  

The need to consider climate scenario uncertainties (due to uncertainties in the 

initial condition fields, in the forcing scenarios, in the climate sensitivity of GCMs, in the 

downscaling skill and so on) in a risk assessment framework leads to the need for 

probabilistic climate projections. In this context, statistical methods seem to provide a 

good downscaling option. Their relatively minor needs in terms of both GCM driving 

data and computational resources are very relevant for processing the growing number 

of available GCM simulations. In addition, when very high resolution (local) information 

is demanded, statistical methods can perform better than dynamical ones at least for 

the present day (van der Linden and Mitchell, 2009), due to the still coarse resolution of 

current nested or stretched models (and to the fact that RCMs do not use local 
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observations which implicitly capture local meteorological characteristics). The higher 

diagnostic capability of statistical methods applied at the local scale is generally 

accepted in the meteorological operational forecasting framework, where statistical 

reinterpretation systems are the main tool for obtaining local information. Other 

advantages of statistical downscaling techniques are that they can be used to derive 

variables not available from the RCMs, and they allow the direct downscaling of the 

indices or frequency of extreme weather events, even down to the local scale. 

In contrast, statistical downscaling techniques require long, standardised 

observational time series for fitting and validating the statistical relationships. Perhaps 

the main disadvantage of the statistical approaches is that they assume that 

predictor/predictand relationships will be unchanged in the future (the stationarity issue, 

Goodess et al., 2011). 

During the last few decades, long-term statistics of climate have experienced 

relatively small changes compared to inter-annual variability. This variability offers an 

indirect way to assess the stability in a future climate context of statistical relationships 

used for downscaling. In this context, two requirements can be identified for statistical 

downscaling performance. The first requirement is that performance should be good at 

different time scales (daily, seasonal, annual, decadal...) (Wilby and Wigley, 1997). The 

second requirement is that almost all of the predictor situations that appear in the GCM 

future climate must be within the applicability range of the statistical relationships 

determined for the calibration period of the method.  

Statistical downscaling has been especially recommended in areas with complex 

topography (Kattenberg, 1996). That is the case of Spain and of the areas where the 

methodology will be used in the case studies. 

Furthermore, the reasonably dense network of climate stations, with records dating 

back approximately 50 years, provides a good base for developing statistical 

downscaling models. Spain (and Aragón as one of the case studies), therefore, has 

both the pre-conditions for developing empirical-statistical models and the need to 

apply them, adding value to the coarse climate scenarios provided by the global 

climate models.  

Nevertheless, not many downscaling (statistical or dynamic) studies have been 

conducted for Spain recently: on temperature (Brands et al., 2011; Frias et al., 2005; 
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Hervada-Sala et al., 2000), snow (Pons et al., 2010), rainfall (Amengual et al., 2007; 

Gonzalez-Hidalgo et al., 2011; Palatella et al., 2010; Trigo and Palutikof, 2001; Turco 

et al., 2011; von Storch et al., 1993; Xu et al., 2007) and for both temperature and 

rainfall (Frias et al., 2010; Brunet et al., 2008) or runoff modelling in rivers (Buerger et 

al., 2007; Lopez-Moreno et al., 2008). The specific area of Aragón stretching from the 

Ebro Basin to the Pyrenees has even fewer regional temperature and future rainfall 

climate simulations to provide reliable estimates of the climate change impacts and 

their uncertainties. Furthermore, European mountain ranges (such as the Pyrenees) 

and Mediterranean ecosystems are more prone to increased vulnerability to global 

climate change (Schroter et al., 2005). 

I.3. Objectives and innovations 

I.3.1. Main objectives 

The main objective of this thesis was to develop and verify a novel statistical 

downscaling method, which could produce climate scenarios that fulfil all the 

requirements to be used in climate change impact assessment and adaptation projects 

(see I.1). Verification assesses the performance of the method at different time scales, 

when the low-resolution input data are extracted from an observed reference data set 

(ERA40 Reanalysis). 

Once the downscaling method was developed and verified, another important 

objective was to show its applicability. Thus, it has been used to produce local climate 

change scenarios for the 21st century of daily maximum and minimum temperatures 

and precipitation in a study case, Aragón. These simulations would be useful for the 

assessment of future climate change impacts in the area. 

I.3.2. Secondary objectives 

The applicability of the downscaling technique had to be tested in detail, attending to 

different sectors and different climates and world regions. Thus, secondary objectives 

of the thesis were to use the downscaling technique to: 

 Produce local climate scenarios adapted to hydrological impact assessment for the 

metropolitan area of Barcelona. With these scenarios, IDF (intensity-duration-

frequency) curves were calculated in order to assess the ―Influence of climate 
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change on IDF curves for the metropolitan area of Barcelona (Spain)‖ (Rodríguez 

et al., 2014). 

 Produce local scenarios to be used for assessing expected changes in the thermal 

conditions and in the distribution of cold-water fish in rivers of central Spain 

(Santiago et al., 2015). 

 Produce scenarios of extreme precipitation over Spain (Monjo et al., 2015), 

including a detailed verification procedure in order to assess the technique‘s ability 

to simulate extremes and not only mean values. 

 Produce scenarios for the Gulf of Fonseca (Central America: Nicaragua, Honduras 

and El Salvador, Ribalaygua et al., 2015), to be used in the assessment of climate 

change impact on livelihoods and food security, also including detailed verification 

procedures in order to assess the technique‘s performance in other world regions 

with very different atmospheric circulation and climatic features. 

I.3.3. Innovations 

The main new contribution of this thesis is the development of an original two-step 

statistical downscaling method based on a combination of analogue and regression 

methods. This methodology has been broadly tested in national (Spain: Ribalaygua et 

al., 2013a; Brunet et al., 2008) and international projects (European Project 

ENSEMBLES -van der Linden and Mitchell, 2009; Déqué et al., 2011-, European 

Project STARDEX -Goodess et al., 2011- and projects in Central America and Central 

Asia). In some of these projects, this methodology was used together with others, both 

statistical and dynamical; some of those projects involved comparison between 

different methodologies, the results of which always provided excellent verification 

results for this technique (van der Linden and Mitchell, 2009 pg. 68; Goodess et al., 

2011). 

From a technical standpoint, the methodology‘s main new contribution is the 

successive use of the two steps that it comprises. The first step is based on the 

analogue technique, in which days (analogues) with low resolution atmospheric 

configuration that is similar to that of the problem day are chosen from a reference data 

set of the past. The second step consists of obtaining and applying transfer functions 
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between the predictors (low resolution atmospheric fields) and the predictand (for 

example, the surface temperature, precipitation...). 

These strategies had previously been applied independently, but their combined 

application was original, and is one of the main reasons for the methodology‘s good 

results (see IV.1). This is due to the fact that it is very frequent for predictor-predictand 

relationships to be non-linear. For example, the relationship between the maximum two 

meter temperature and low troposphere thickness is very non-linear, depending on 

cloudiness conditions: under overcast skies, low troposphere thickness almost 

determines the maximum two meter temperature, but if the sky is clear, the maximum 

temperature is driven by solar radiation, and the influence of low troposphere thickness 

is much lower. A previous stratification attending to cloudiness conditions makes these 

relationships much more linear and, therefore, much more easily and robustly 

captured. 

The first step facilitates selection of situations similar (including in cloudiness 

conditions) to the problem day, which makes the predictor/predictand relationships 

more linear and enables their more robust identification. 

Other new contributions of this methodology are summarised below:  

 The method incorporates an original statistical approach in the second step for 

estimating precipitation (see section III.2.3). This makes it possible to obtain good 

verification results in the extreme values simulation, and not only in that of average 

values. 

 Although scenarios have been generated in recent years with statistical 

downscaling methods used in impact assessment projects (Brands et al., 2011; 

Gonzalez-Hidalgo et al., 2011; Turco et al., 2011; Frias et al., 2010), this 

methodology was innovative, as it was the first statistical method with which 

scenarios were generated in a generalized way for Spain; for example, a large part 

of those used for the National Adaptation Plan (Brunet et al., 2008). The scenarios 

generated with this methodology have been used broadly in numerous impact 

studies, in different autonomous regions and for the whole country. 

 The application of the methodology in Central America is also something new 

(Ribalaygua et al., 2015). It was the first statistical downscaling method adapted 
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and applied in the region (of those that can be considered advanced or 

sophisticated methods, leaving aside basic methodologies such as the Delta 

Method or the REA -Reliability Ensemble Averaging, Giorgi and Mearns, 2002-, 

which can be considered GCM output interpolation techniques). 

I.4. Thesis structure 

This thesis has two main parts: the first consists of the development and verification 

of the downscaling methodology, and the second consists of its application for the 

generation of future climate scenarios in a case study in Aragón.  

The first part is based on the work of Ribalaygua et al. (2013a) and corresponds to 

sections: II.1.1, II.2.2, III.1, III.2, IV.1.1, V.1, and part of I.2.1, I.2.2, II.2.1, III.3.1 and 

VI.1.  

The second part is based on the work of Ribalaygua et al. (2013b) and corresponds 

to sections: II.1.2, II.2.3, III.3.2, IV.1.2, IV.2, IV.3, V.2, VI.2, and part of I.2.2, II.2.1, 

III.3.1 and III.3.3. 

Section V.3 includes a brief description of other applications of the methodology, 

based on the results obtained in different works (Rodríguez et al., 2014; Santiago et al., 

2015; Monjo et al., 2015; Ribalaygua et al., 2015). 

 

 

 

 



 

 - 15 - 

 

 

 

 

CHAPER II. STUDY AREA AND DATA  

 



 

 - 16 - 



II. Study area and data  
 

 - 17 - 

II.1. Study area 

II.1.1. Peninsula and Balearic Islands 

The Mediterranean climate is predominant in Peninsular Spain and the Balearic 

Islands this, although an oceanic climate (in the north) and a mountain climate (in the 

Sierra Nevada and Pyrenees), among others, can be found. (Capel-Molina, 2000). 

There is a strong spatial and seasonal contrast for both temperature and precipitation 

(Fig. II.1). Daily temperatures, for example can have extreme values ranging from 

below -15ºC, in high valleys in the northeast in winter to over 44ºC in the southwest 

and southeast of the peninsula. Extreme monthly precipitation can have values ranging 

from 0 mm in July (in parts of the southeast peninsula), to almost 1000 mm in northern 

areas, and even at times in the east of the peninsula, where heavy precipitation is 

normally recorded on a few days (Martín-Vide, 2004). 

 

 

Fig. II.1. Average temperature (left) and annual precipitation (right) for the Iberian Peninsula 

and Balearic Islands according AEMet observations for the period 1951-2000 

II.1.2. Study case: Aragón 

Aragón is a region of Spain with an extension of 47,719.2 km² (approximately 340 

km length and 240 km width) and is located in the northeast part of the Iberian 

Peninsula, falling within the Western Mediterranean climate area (Fig. II.2). Aragón has 

cold winters and hot and dry summers. However, the extreme altitude differences of 

over 3000 m between the plains (the Ebro River Basin – the Ebro River is Spain's 

largest river in volume, and runs west-east across the entire region) and the mountains 

(the Pyrenees; the highest peak is 3,404 m high), together with the specific topography 
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of the Ebro River Basin and the mountain chains (the Pyrenees to the north of the 

basin and the Iberian Mountains to the south – the highest peak is 2,313 m high), 

modify the local climate and are the main cause for its climatic characteristics: dryness 

of the land along the banks of the Ebro River, random rain patterns, high thermal 

contrast between winter and summer as consequence of the strong continental 

characteristics of the region, and the typical northeast ―mistral‖ winds, which are 

frequent in the region. 

 

 

Fig. II.2. Location of the study case, Aragón (NE Spain) 

 

Due to both the wide extension of the study case area and the strong variability of its 

diverse climatic areas, the raw output of the GCMs, with its coarse spatial resolution, 

fail to provide the local scale of simulations required for impact assessment and 

adaptation studies, and thus downscaling is required. To demonstrate these 

differences, an analysis was performed involving the division of Aragón into five 

climatic sub-zones, which are highlighted in Figure II.3 - stations in dark blue were 

used to provide spatial continuity to the research, even though they fall outside the 

boundaries of Aragón. 
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Fig. II.3. Location of the weather stations used for the study case (267 for temperature and 563 

for rainfall), and the climate zone to which they belong. Stations on the periphery of Aragón are 

shown in dark blue. The grey lines outline the three provinces of Aragón: Huesca in the North 

(Mediterranean-oceanic transition and Northern Continental Mediterranean climate zone), 

Zaragoza, in the centre (Dry Steppe, Southern Continental Mediterranean and part of 

Continental sub-Mediterranean climate zone) and Teruel in South (Continental sub-

Mediterranean climate zone). *Geographical map shared by CINTA (Aragón Territorial 

Information Centre) of the Government of Aragón 

 

 

II.2. Data sets 

II.2.1. Surface observation data sets 

For the development and verification of the downscaling methodology, a group of 

stations belonging to the Spanish Meteorological Agency (AEMET) has been used. 

Figure II.4 shows the spatial distribution of the 5,273 precipitation (Fig. II.4a) and 1,866 
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temperature (Fig. II.4.b) stations used. Only stations with at least 2,000 daily records 

within the common period with ERA40 (1958-2000) have been used.  

 

Fig. II.4. Meteorological stations used for this study; a) precipitation stations, b) temperature 

stations 

 

For the study case, Aragón, the observational data consisted of time series of daily 

maximum and minimum temperatures and rainfall amounts corresponding to 267 and 

563 stations, respectively (corresponding to Aragón and the others from neighbouring 

regions) for 1958-2000. Figure II.3 shows the spatial distribution of the rain gauges 

used and that of the temperature stations. As shown, the meteorological stations form 

a dense network and are quite uniformly distributed around the region, especially in the 

Ebro River valley, in the Pre-Pyrenees and foothills in Huesca province, and in the 

Iberian Mountain Range. Additionally, a good network of meteorological stations exists 

in the Pyrenean area, although there are very few stations above 1500 m. A much 

greater lack of coverage exists in the province of Teruel, particularly in areas such as 

the Gudar and Javalambre in the Iberian Mountain Ranges and the lower Montalban 

and Sant Just ranges in the centre of this province; significantly fewer temperature 

stations are present all over Aragón. 

Data were obtained from the extensive network of instrumental observatories owned 

by the Spanish Meteorological Agency (AEMET) and processed by the Aragón 

Government (López et al., 2007). Stations with a large number of data gaps or without 

at least 15 years of daily records were first discarded. The data series vary in length, 

although 73% of stations have records dating back over 30 years, and 42% of the 

records are over 50 years old, with a good spatial density. This data set was quality 

controlled by detecting and correcting multiple aberrant points in the long-term climate 
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time series, covering the gaps and then assessing the homogeneity of the climate 

series and correcting any inhomogeneities found (López et al., 2007), as explained 

below. 

In relation to the identification of anomalous data, the process was performed in two 

phases. The first step involved the evaluation of the presence of extreme data, which 

by its magnitude could be considered suspect observations or transcription errors, in 

the monthly series of each station. Data that are separated from the monthly average 

value at over four times the value of the standard deviation were considered as 

extreme.  

In the second step, the monthly data marked as suspect were compared in a series 

neighbour stations located at a distance no greater than 20 km, and if the suspect data 

were not consistent with the neighbouring data, then they were considered abnormal 

and treated as an information gap. The next step of the process of quality control for 

the climatic series consisted of filling these data gaps. The data gaps were filled by 

simple regression with the station exhibiting the highest correlation with those located 

at a distance of less than 20 km and for which the common series was over 10 years 

old (Vincent and Gullet, 1999), thus using some stations that were initially rejected, but 

which were kept in reserve for the screening stages. 

Once any gaps in the information of a climatic series have been addressed, then it 

was verified that they did not contain inhomogeneities that could introduce bias in the 

records not related to the climate.  

Series of reference data were created for each of the stations of the database to test 

the homogeneity of each of the climatic series of all the stations by performing a 

statistical comparison with the reference series.  

This standardisation was implemented using the Standard Normal Homogeneity 

Test technique (SNHT - Alexandersson and Moberg, 1997; Peterson et al., 1998), 

which enabled the detection of the inhomogeneities likely to be corrected according to 

the knowledge of the serial data and the evolution experienced by the other stations. 

All of this quality control was performed by López et al., 2007, and the resulting data 

set was used. The gap filling is performed for quality control purposes, but the 

downscaling methodology is later applied to the original data, with gaps. 
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II.2.2. Re-Analysis simulation 

For verification of the methodology the ECMWF (European Centre for Medium-

Range Weather Forecasts) ERA-40 Re-Analysis (http://www.ecmwf.int/research/era/ 

do/get/era-40) has been downscaled for the 1958-2000 period. It has a reduced 

Gaussian grid with approximately uniform 125km spacing. In this verification 

procedure, the original temporal and spatial resolutions of ERA40 have been ―relaxed‖ 

to those used by one of the GCMs to be downscaled (i.e., ECHAM5, Roeckner et al., 

2006). Thus only 00Z (and not 06Z, 12Z and 18Z, also provided by ERA40) information 

has been used, with a spatial resolution of 1.8º lat x 1.8º lon. The geographical limits of 

the atmospheric window used are 31.5ºN to 55.125ºN latitude and 27ºW to 14,625ºE 

longitude. This window has been defined trying to cover both the geographic area 

under study as well as the surrounding areas which have a meteorological influence on 

the peninsula. Likewise, two interior sub-windows have been defined (Fig. II.5) with 

different weights assigned to the grid points depending on their influence on the study 

area. 

 

Fig. II.5. Atmospheric windows and grid-point weighting for each atmospheric level 

http://www.ecmwf.int/research/era/%20do/get/era-40
http://www.ecmwf.int/research/era/%20do/get/era-40
http://www.ecmwf.int/research/era/%20do/get/era-40
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II.2.3. Global Climate Model outputs  

For the study case, four different GCMs associated with the Fourth assessment 

report of the Intergovernmental Panel on Climate Change (IPCC, 2007) were used (see 

Table II.1): Norwegian BCM2 (Drange, 2006), French CNCM3 (Royer et al., 2007), 

German ECHAM5 (Roeckner et al., 2006), and German EGMAM (Niehoerster et al., 

2008). These GCMs were used with a daily temporal resolution. 

Data from these GCMs were extracted from the CERA (Climate and Environmental 

Retrieval and Archive) of the WDCC (World Data Centre for Climate), in Hamburg, 

managed by DKRZ (Deutches Klimarechenzentrum, Hamburg, Germany; http://cera-

www.dkrz.de/). 

From the moment of its early definition, each model exhibits its own characteristics, 

not only in its temporal and spatial resolutions but also in the way they simulate 

atmospheric circulation, couple the atmosphere-ocean components, and so on, 

resulting in the different results of each model. The use of several climate models helps 

to quantify the uncertainties inherent to any climate simulation, i.e., larger differences 

between the different GCMs imply larger uncertainties. 

Table II.1. General circulation model (GCM) data used in the validation and projection period 

 

GCM 

Spatial 

resolution 
Scenarios Report Source 

BCM2 2,8° × 2,8° A2, B1, A1B AR4 

Bjerknes Centre for Climate 

Research, University of Bergen, 

Norway 

CNCM3 2,8° × 2,8° A2, B1, A1B AR4 
Centre National de Recherches 

Météorologiques, France 

ECHAM5 1,8° × 1,8° A2, B1, A1B AR4 
Max Plank Institute for 

Meteorology, Germany 

EGMAM 3,7° × 3,7° A2, B1, A1B AR4 
Free University of Berlin (Freie 

Universitaet Berlin), Germany 
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III.1. General and theoretical considerations 

The development of a statistical downscaling methodology and the selection of 

predictors should, in my opinion, be carried out based on theoretical considerations 

and taking into account the final use of the methodology. Four basic ideas should be 

always kept in mind: 

1. The stationarity problem: in a climate change scenario, the relationships between 

predictors and predictands could change. Thus predictors should be physically 

linked to the predictands, because these linkages will not change. Also, they 

should take into account all the physical forcings of these predictands. 

2. The characteristics and limitations of the GCMs: the methodologies to be 

developed will be finally applied to GCM outputs. Therefore, the predictors 

selected should be well simulated by the GCMs. Moreover, the temporal and 

spatial resolution of the GCM should also be considered. 

3. The statistical tool must be sufficiently ―non-linear‖ to handle the strongly non-

linear relationships that link predictors with most local surface weather predictands; 

4. For climate change applications it is preferable not to use any seasonal 

stratification in the selection of predictors, at least in some circumstances: in a 

climate change scenario, the climatic characteristics of the calendar seasons may 

change. Thus predictors / predictands relationships detected in a population of 

―present-day‖ days belonging to a particular season, with specific climatic 

characteristics, would not be applicable for future days if the climatic 

characteristics of that season have changed. 

According to these ideas, some general and theoretical considerations regarding the 

selection of predictors have been identified: 

According to idea 1: The selection of predictors should be undertaken based on 

theoretical considerations, rather than using empirical analyses which could result in 

non-physically based relationships that may be not applicable in the future due to the 

stationarity problem. The predictors should be physical forcings of the predictands, or 

at least, should be physically linked to the predictands. Furthermore, the identified 

relationships between predictors and predictands should be those which best reflect 

the physical links between them - again in order to assure so far as possible the 
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stationarity of these relationships. If these requirements are fulfilled, a good diagnostic 

capability should be obtained at the daily scale. Thus this daily skill should be analysed 

since it is required to ensure the stability of statistical relationships for the future. 

According to idea 2: The predictors should be field variables, rather than point 

values, because the former are more reliably simulated by GCMs. 

According to idea 2: The predictors should be free-atmosphere rather than boundary 

layer variables because the former are more reliably simulated by GCMs. 

According to idea 2: The predictors should be variables that are well simulated by 

GCMs. The downscaling method presented here has been adapted to be used for the 

production of daily operational meteorological forecasts. Many predictors are used in 

the operational version because it has been shown that they all improve the forecasting 

skill. But some of them cannot be used in climate simulations because, although they 

have proven to be well simulated for the next few days by operational Numerical 

Models, and therefore to be useful in meteorological forecasting, they are too 

dependant on initial conditions to be well simulated by GCMs for the next decades. 

According to idea 2: Working with coarser temporal and / or spatial detail than those 

provided by GCMs means that some information is not used. Many of the physical 

forcings of the predictands can only be captured working at temporal and spatial scales 

that are as small as possible. This could be especially relevant for the simulation of 

some extreme precipitation events. For these reasons, in my opinion, one should work 

at daily and synoptic scales, because these are the scales at which the GCMs provide 

information. 

According to idea 3: The statistical method should include strategies to take into 

account the non-linearity of the relationships between many of the predictors and 

predictands. 

According to idea 4: It is preferable not to make any seasonal stratification in the 

definition of the predictors/predictands relationships. According to sensitivity analyses 

performed with the downscaling method presented here, seasonal stratification does 

not improve the skill, hopefully because the relationships it uses correctly reflect the 

physical links between predictors and predictands, i.e., they are not just empirical 

relationships. 
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The statistical downscaling method has been developed and the predictors selected 

taking into account the conceptual framework presented above.  

The method estimates high-resolution surface meteorological fields for a day ―x‖ (the 

problem day), in two steps: the first step is an analogue technique (Zorita et al., 1993); 

in the second step, high-resolution surface information is estimated in a different way 

for precipitation (using a probabilistic approach) and temperature (using multiple linear 

regression).  

Similar two step approaches have been applied in operational forecasting 

(Woodcock, 1980; Balzer, 1991). For climate change applications, Enke and Spekat 

(1997) adopted a similar technique, but where the first step of analogue stratification is 

replaced by stratification using a predefined clustering of atmospheric patterns. 

Analogue techniques can be considered as a special form of the clustering approach, 

where a specific type is determined for each problem day, containing the n most 

analogous days. This strategy greatly reduces the variability within a predefined 

cluster, which includes days with quite different atmospheric configurations. As a result, 

analogue techniques generally offer higher diagnostic capability regarding high 

resolution effects than do predefined clustering schemes. 

III.2. Two-step downscaling method description 

III.2.1. First step: the analogue technique 

In the first step, the n most similar days to day ―x‖, identified on the basis of their 

low-resolution atmospheric fields, are selected from a reference data set. The skill of 

the method depends on the spread and quality of the atmospheric and surface 

reference data sets and, in particular, on the measure used to determine the similarity 

between days (Matulla et al., 2008). Consequently, according to the ideas mentioned 

above, the similarity measure must contain diagnostic capability regarding high-

resolution precipitation fields (i.e., low-resolution atmospheric fields considered to be 

similar according to the measure must be associated with similar high-resolution 

precipitation fields). Thus the similarity measure must assess the likeness of as many 

as possible precipitation physical forcings (see idea 1) associated with the low 

resolution atmospheric configurations of the days being compared. In addition to 
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diagnostic capability, the predictor variables of the measure must be reasonably well 

simulated by GCMs (see idea 2). 

Some statistical methods entail strongly automated procedures to select the best 

predictors and to adjust the optimum predictors/predictand relationships (Hewitson and 

Crane, 1994; Wilby and Wigley, 1997). This is not, however, easy for analogue 

techniques for which calibration entails a laborious task of testing different 

combinations of predictors and similarity measures. Nevertheless, this allows the 

selection of predictors and similarity measures under theoretical considerations, with 

the aim of capturing physical forcings between predictors and predictands in order to 

guarantee the stationarity of the relationships (see idea 1). 

The similarity measure between two days must be a scalar magnitude (to allow 

ordering) and summarises the resemblance of these two days with regard to their 

predictor fields. 

Different algorithms which have traditionally been used to assess similarity between 

fields were tested in the calibration process: Pearson correlation coefficients and 

several Euclidean and pseudoeuclidean distances. Similarity measures were required 

to not only deal with the general pattern of the days being compared, but also with the 

values of the corresponding individual points of both fields. For the latter requirement, 

Pearson correlation coefficients perform worse than Euclidean distances and thus 

provide lower precipitation diagnostic capabilities. The good performance of Euclidean 

distances is supported by the analogue technique literature (Martin et al., 1997; 

Kruizinga and Murphy, 1983). 

The similarity between two days is calculated by determining (and standardising) 

independently those days likeness with respect to each of the four final predictors 

fields. The unlikeness of days xi and xj regarding each predictor field ―P‖, is calculated 

as a pseudoeuclidean distance with: 
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where Pik is the value of the predictor ―P‖ of the day xi, at the grid point k; Wk is the 

weighting coefficient of the k grid point. And N is the number of the atmospheric grid 

points. 

Once DP(xi , xj) has been calculated, it must be standardized. The standardization is 

carried out by substituting DP(xi , xj) by centP, which is the closest centile of the 

reference population of Euclidean distances among predictor fields ―P‖, to the DP(xi, xj) 

value. The centile values are previously determined, independently for each "P" 

predictor field, over a reference population of more than 3 000 000 values of DP. The 

reference population is calculated by applying equation 1, with the same Wk values, to 

randomly selected pairs of days. If the closest value to DP(xi, xj) is centi,j,P, it means that 

about the centi,j,P % of the 3 000 000 DP values are lower than DP(xi, xj). The use of 

centile instead of the original distance DP allows consideration of dimensionless and 

initially equally weighted variables for each predictor ―P‖ in the measure. 

After the four DP(xi, xj) independent calculation and standardization (determination of 

the closest four centi,j,P), the final similarity (simi j) measure between days xi and xj is 

given by the inverse of a weighted average of the centP for the four ―P‖ predictors (Eq. 

III.2). 
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where wP is the weighting coefficient of the predictor field ―P‖. The four predictors are: 

 spd1000: geostrophic wind speed at 1000 hPa  

 dir1000: geostrophic wind direction at 1000 hPa  

 spd500: geostrophic wind speed at 500 hPa  

 dir500: geostrophic wind direction at 500 hPa  

These predictors were selected based on theoretical considerations according to the 

ideas mentioned in 3.1: they can be derived from only Z1000 and Z500 (which are 

reasonably well simulated by GCMs, Brands et al., 2010); they are physically linked to 

precipitation (1000 hPa wind is related to topographical forcings of precipitation, and 

Z1000 and Z500 to dynamical forcings, according to ω Equation, Holton, 2004); they 

capture most of the precipitation forcings (although convective forcings are only 

implicitly considered); and they are spatial fields, not grid-point values. 
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In addition to different algorithms and predictors, different combinations of wP and 

Wk coefficients were also tested. The Wk coefficients are required in order to consider 

the greater influence on Iberian precipitation of wind features closer to the Peninsula. 

Wk coefficients can be different for each predictor. The combination of N × Wk, found to 

be more efficient is shown in Figure 2. The four predictors were finally equally weighted 

(wP = 0.25). 

As previously explained, only 00Z information was used (―relaxing‖ ERA40 time 

resolution down to that offered by most GCMs). For this thesis, several tests were 

performed and finally the average of 00Z and 24Z (i.e., 00Z of the next day) fields were 

used for precipitation and maximum temperature, and 00Z fields only for minimum 

temperature. 

III.2.2. Second step for temperature: multiple linear regression 

The estimation procedure for temperatures requires, after selection of the n 

analogous days described above (n = 150 for temperature), further diagnosis using 

multiple linear regression. Although predictor/predictand relationships determined in 

this second step are linear, an important part of the non-linearity of the links between 

free atmosphere variables and surface temperatures is reduced with the first step 

(analogue) stratification, which selects the most similar days with respect to 

precipitation and cloudiness (two of the variables which introduce most non-linearity in 

the relationships). Linear regression performs quite well for the estimation of surface 

maximum and minimum temperatures due to the near-normal statistical distribution of 

these variables. It is important to remember that when using linear regression the 

predictand quantity is bound to have essentially the same statistical distribution as the 

predictor(s) variable(s) (Bürguer, 1996). In this regard, potential predictors should 

possess close-to-normal distributions. 

The multiple linear regression is performed independently for each surface point, 

and uses forward and backward stepwise selection of predictors. There are four 

potential predictors: 

1. 1000/500 hPa thickness above the surface station. 

2. 1000/850 hPa thickness above the surface station. 

3. A sinusoid function of the day of the year. 
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4. And a weighted average of the station mean daily temperatures of the ten 

previous days. 

Both thicknesses are used to include the strong relationship between lower 

troposphere and surface temperatures (a meteorological factor). The sinusoid function 

of the day of the year is used to consider the number of sunlight hours and its effect on 

the warming/cooling of the surface air (a seasonal factor). And the ten days 

temperature weighted average is used to account for the soil thermal inertia influence 

(a soil memory factor). 

The non-linear influence of other important meteorological factors, such as 

cloudiness, precipitation and low troposphere wind speed, is considered through the 

first-step of analogue stratification. The regression is performed for a population of n 

days which present very similar precipitation, and subsequently very similar cloudiness, 

conditions.  

For each station (and each problem day) the regression is performed twice using as 

predictands maximum and minimum temperatures. Thus two diagnostic equations are 

calculated (using the predictand and predictor values of the n analogous days 

population) and applied to estimate both daily temperatures for each station and 

problem day. 

III.2.3. Second step for precipitation: probabilistic transference 

Every problem day (xi) has n analogues (aij) each with a certain similarity (simij) 

(n=30 for precipitation). Each analogue (aij) has an observed precipitation (ij) and an 

estimated probability (ij) according to Eq. III.3.  
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Thus each problem day (xi) has n pairs of [ij, ij], and a preliminary estimate of 

precipitation (pi) can be obtained by combining the n pairs according to equation III.4. 
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Since it is calculated as an average this preliminary estimate greatly smoothes the 

extreme values of precipitation and underestimates the number of dry days. 

In order to overcome this limitation, another approach was designed. Consider the 

pool containing all n analogues of every day in one particular month (n×m analogues). 

The aim of this new approach is to generate surrogate precipitation time series over 

this month that follow a similar sample distribution as the precipitation observed in that 

pool of analogues.  

In this approach, firstly all n analogues of all m days are pooled for a particular 

month. Each member of this pool is characterized by a precipitation amount ij and a 

probability ij. In a first step, the elements of the pool are ranked by decreasing 

precipitation (ij). Then groups within this pool are defined as follows. The element with 

the highest precipitation in the pool becomes the first element of the first group. The 

first group is then filled by subsequently including elements of subsequent lower ranks 

until the sum of their probabilities adds up to unity. The element with the following rank 

is then placed in the second group and the same procedure is repeated until the 

second group is filled. In this manner all elements of the pool can be ascribed to a 

group. It can be demonstrated that the number of groups defined in this manner is 

equal to the number of days m. A new set of m precipitation values, ph‘, is obtained by 

weight-averaging the precipitation of each element in group h (weighted by their 

relative probabilities), according to equation III.5. These new values (ph‘) are ranked as 

well.  

 
1=
πρ='p

k
Σπ|k

kkh   (III.5) 

Finally, the first guess pi obtained by equation 4 is replaced by the new value ph‘ that 

has the same rank as pi, so that the highest ph' is associated with the day (xi) with the 

highest pi; the second highest ph' with the day with the second highest. A simple 

example of the whole procedure is presented in the appendix of Annex I. 

Proceeding this way, the probability distribution of the m new precipitation values 

(ph‘) is similar to the probability distribution of n×m values of precipitation (k) - as 

desired (see discussion in V.1.1). This method allows an empirical distribution of rain 

amounts for each day of the month to be constructed without assuming any a priori 
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hypothesis about the probability distribution of each month (or assuming a particular 

associated analytical probability function such as the gamma function). 

III.3. Statistical analysis 

III.3.1. Method verification 

The verification process involved applying the methodology to data from the 

ECMWF ERA-40 re-analysis for the control period 1970-2000, and comparing the 

simulation obtained with observations of the predictands. The verification process 

assesses the errors associated with downscaling, i.e., the extent the downscaling 

methodology is capable of reproducing the observations of the predictands in the 

stations by applying the methodology to "observations" of the predictors (ERA-40). 

Verification of the methodology was performed by analysing the errors of the simulated 

series of daily values with respect to those observed on a daily scale for temperatures 

(maximum and minimum) and on a seasonal scale for precipitation.  

Daily Mean Absolute Error (MAE, Stauffer and Seaman, 1990) and BIAS (Yu et al., 

2006) are used as error measures. For precipitation, the Ranked Probability Score 

(RPS, Wilks, 2005) is used to compare both preliminary and final precipitation 

estimates with two reference predictions: climatology and persistence. The Pearson 

correlation is also used to compare mean simulated and observed values as well as 

95th percentiles for the three variables.  

In addition, observed and simulated probability distribution functions (PDF) of daily 

precipitation are compared for each month using two non-parametric goodness-of-fit 

tests: the Kolmogorov-Smirnov test with bootstrapping (Marsaglia et al., 2003; Sekhon, 

2010), which has been used in earlier climatic studies (Abaurrea and Asín, 2005), and 

the Anderson-Darling test (Scholz and Stephens, 1987). 

III.3.2. GCM validation 

For the study case, to determine the ability of each of the GCMs to simulate the 

climate of a certain area (the process known as validation), the GCM simulation of the 

past (the control run of the climate model for the 20th century, called 20C3M) is 

downscaled and then compared to the downscaled ERA40 simulation (representing the 

observed climate). Because climate models do not pretend to reproduce the day-to-day 
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meteorology, the validation cannot be performed on a daily scale, but only attending 

the climatic characteristics over long periods. Due to observations with missing data 

(for example, observations from a particularly wet decade could be missing), the 

climatic characteristics obtained from the downscaled 20C3M cannot be compared to 

those obtained from the observations, but to only those obtained from the simulations 

produced from downscaling the reanalysis data (once the downscaling tool has been 

previously validated; see section 3.2), without gaps and covering the whole 20C3M 

period, 1958-2000. The BIAS and the standard deviation were used as error measures. 

III.3.3. Scenario generation 

Also for the study case in Aragón, future local climate change scenarios were 

produced for three daily variables (maximum temperature, minimum temperature and 

precipitation), four GCMs (BCM2, CNCM3, ECHAM5 and EGMAM) and three emission 

scenarios (A2, A1B and B1). The future local climate scenarios calculated here are raw 

daily series through 2100. 

An ensemble strategy was used to quantify the uncertainties inherent to future 

climate projections (Collins et al., 2013). For each scenario, an ensemble of every 

downscaled GCM is used to measure the mean change and to measure the 

uncertainty (by using the standard deviation). 

Future changes on temperature and precipitation were estimated. The changes in 

the maximum and minimum temperatures (in degrees Celsius) and in the amount of 

precipitation (as a percentage) are estimated for each season and for each one of the 

three emission scenarios considered. The simulated increase (compared to the 

corresponding 20C3M control run) taken from the mean of all the models in the chosen 

emission scenario is represented as a line, and the standard deviation is shaded in the 

same colour as the measure of the differences among the models and among the 

stations. Results are shown as a 31-year moving average for each station, for each 

model and emission scenario (the value for each year is the average of years ranging 

from y-15 to y+15, as required for climatic analysis). For each emission scenario and 

year, the mean (line) and the standard deviation (shaded area) were calculated within 

the population of all the stations and all the models (without weighting them). 

All the statistical analyses were carried out using R, a free software environment for 

statistical computing and graphics (R Development Core Team, 2010). 
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IV.1. Methodology verification  

IV.1.1. General verification: Peninsula and Balearic Islands 

a) Precipitation 

The similarity measure used in analogues selection was adjusted in order to seek 

the highest predictive capability for precipitation. Thus the probabilistic prediction 

obtained from the selected analogues provides good results on the daily timescale. For 

example, categorizing the precipitation into three classes (<0.1 mm, between 0.1 and 

10 mm, and greater than 10 mm), the average (for all stations) annual RPS value 

obtained is 0.08, that represents a Skill Score of 0.46 compared to persistence and 

0.23 compared to climatology. For summer, the RPS for simulated precipitation is 

similar to that for persistence due to the low number of rain days in summer (Fig. 

IV.1a). The final precipitation estimate, obtained in the second step of the method, also 

has a daily MAE smaller than that for ―climatology‖ and ―persistence‖ (Fig. IV.1b). The 

average relative bias is practically negligible in all seasons, except autumn when it is 

around -18% and even around -30% over the eastern peninsula (Fig. Fig. IV.2). This is 

due to the important amount of convective precipitation on this season, especially in 

the Mediterranean coast: convective precipitation simulation is worse because of the 

(low) spatial and temporal resolution used (see V.1.1).  

The number of dry days is also correctly simulated. The average bias is less than 

two days (4% of the total number of dry days).  

The 95th percentile can be used as an indicator of high precipitation since it is 

obtained from the upper tail of the distribution. Thus, the seasonal 95th percentile of 

daily precipitation has been analysed, and the correlation between the simulated and 

observed seasonal 95th percentile time series has been estimated (Fig. IV.3a). Winter 

is the season best simulated, with correlations of over 0.8 in the southeast peninsula, 

whereas summer gives correlations of less than 0.4 for Mediterranean areas. A specific 

application for extreme precipitation simulation was done in subsequent research 

activities (Monjo et al., 2015, see section V.3.1) due to its important impact, which 

therefore makes it relevant to produce future extreme precipitation projections for 

climate change impact assessments. 
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Fig. IV.1. Box plots of RPS and MAE for daily precipitation, for all stations, compared with two 

reference simulations: climatology and persistence 
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Fig. IV.2. Spatial distribution of BIAS for precipitation: a) absolute BIAS, b) relative BIAS 

 

 

 

Fig. IV.3. Spatial distribution of the Pearson correlation for simulated and observed seasonal 

95
th
 percentile time series, for: a) daily precipitation, b) daily maximum temperature, and c) daily 

minimum temperature 
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b) Temperature 

As regards the simulation of temperature, the largest average bias is found for 

maximum winter temperature, i.e., almost 0.2ºC, with values of 0.1ºC or lower for other 

seasons and for minimum temperature (Fig. IV.4). The daily mean absolute error 

(MAE) is around 1.8ºC for both maximum and minimum temperature, although the 

latter varies more between seasons with an average MAE of 1.6ºC in summer and 

almost 1.9ºC in winter.  

The spatial distribution of the errors show that the BIAS for maximum temperature 

depends on the season: in winter it is nearly always negative (around -0.2ºC); in 

autumn it is virtually zero; in spring slightly positive (+0.1ºC) in inland areas and 

somewhat negative on the coast, reaching -0.2ºC in the gulf of Valencia (Fig. IV.5); and 

in summer it is generally higher and positive inland and in the southeast of the Iberian 

Peninsula. For minimum temperature, the average bias in summer is slightly negative 

on the east coast and in some areas of the south and north coast, and for the 

remaining seasons very low, with the exception of the southeast (in autumn) and the 

northeast (in winter).  

The MAE for maximum temperature is spatially quite homogeneous and ranges 

between 1.8 and 2.0ºC. The areas with highest MAE are inland in the southeast and 

north of Extremadura where it reaches up to 2.2ºC in summer. As regards minimum 

temperature, the southeast inland area is once again the area with the highest MAE, 

also in summer - this time around 2ºC. The remaining geographical areas range 

between 1.6 and 2ºC, although in winter the area with MAE of 2ºC has a wider 

extension. 

As regards the seasonal 95th percentile of daily maximum and minimum 

temperatures (Fig. IV.3b and IV.3c), the highest temporal correlation is around 0.8 in 

autumn and spring for maximum temperature and around 0.7 in winter for minimum 

temperature. Summer shows a low correlation (0.4) in the eastern Peninsula for both 

maximum and minimum temperatures.  
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Fig. IV.4. Box plots for BIAS and daily MAE for maximum and minimum temperature for all 

stations 
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Fig. IV.5. Spatial distribution of BIAS and daily MAE for maximum and minimum temperature: a) 

BIAS of maximum temperature, b) BIAS of minimum temperature, c) MAE of maximum 

temperature, d) MAE of minimum temperature 

 

IV.1.2. Study case verification: 

a) General climatic features 

The method was found to perform well in its ability to reproduce general features of 

climate. Figure IV.6 shows a climograph for each month containing the values 

observed and those simulated by the downscaling from the ERA40 re-analysis for the 

maximum and minimum temperatures, precipitation and the number of rainy days. The 

data were obtained by averaging all the daily data for each month from all the stations 

used in the study for the period from 1958 to 2000. The simulated results were found to 

fit the observed results very well for the maximum and minimum temperatures, and the 
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simulated results exhibited acceptable fits for the amount of precipitation and the 

number of rainy days. 

 

 

Fig. IV.6. Verification of the downscaling methodology for rainfall, rainy days and temperature. 

Simulated data was obtained by using the downscaling method with data from European Re-

analysis ERA40. The values are the monthly means of the data for all the observatories used in 

the study during the control period (1958 to 2000) 

 

b) Precipitation 

For the precipitation amounts, the BIAS and MAE (calculated from the seasonal 

accumulated precipitation, box plots for all the stations used in the study, shown in 

Figure IV.7) were obtained in both relative and absolute terms, i.e., RMAE and RBIAS 

(Briere et al., 2007; Yu et al., 2006).  

The skill for the BIAS calculation for precipitation is not as good as that of 

temperature (shown below), especially in autumn. Both the relative and absolute BIAS 

are low (with approximately 10 mm or less in absolute terms, and 5% or less in relative 

terms), except for the autumn months, which are skewed to under-estimate the data by 

slightly over 30 mm (over 15% relative under-estimation). 
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Fig. IV.7. Absolute and relative MAE and BIAS box plots for the precipitation values for all the 

stations used in the study to verify the downscaling methodology for precipitation 

 

The MAE values for the accumulated seasonal precipitation exhibit acceptable 

values. Absolute values for the MAE in autumn are over 50 mm, which corresponds to 

an RMAE of over 30%. These values, in addition to those for the BIAS for autumn, can 

be explained by the specific climate in the area, in which a large part of the autumn 

rains are due to small, short convection events, which are not properly simulated due to 

the inadequate space and time resolutions in the models. The MAE for the other 

seasons is approximately 40 mm. Note that the high relative MAE for summer 

(approximately 35%) can also be explained by the very dry summers that are 

characteristic in the area (and therefore similar absolute errors lead to larger relative 

errors). 



IV. Results  
 
 

 - 47 - 

c) Temperature 

Figure IV 8 shows the box-plots for all the stations in the study, and the MAE and 

BIAS values for the daily maximum and minimum temperatures for each season of the 

year.  

The temperature BIAS analysis indicates that the methodology is working correctly 

because it is very low for both maximum and minimum temperatures at any season of 

the year (the four seasons average does not exceed ±0.1 ºC); also, the distribution is 

symmetrical with respect to zero. The only significant exception is the maximum winter 

temperatures, which have a BIAS of just over 0.3ºC.  

The Mean Absolute Error for the temperatures is good for the maximum 

temperatures, with an error of approximately 2ºC, and is lower for the minimum 

temperatures. The larger error for maximum temperatures may be because these 

temperatures usually occur at approximately 14.00 UTC and the atmospheric fields 

used in the study are 00.00 UTC ERA-40 fields, while the minimum temperatures occur 

at approximately 06.00 UTC and are thus better represented by the 00.00 UTC fields. 

These results were improved when the methodology was optimized using an average 

of 00.00 UTC and of 24.00 UTC (00.00 UTC of next day), which reduced MAE from 

2ºC to 1.8ºC for maximum temperature (see V.1.3). The error may also be 

compounded by the gap-filling process and the observation imprecision (approximately 

± 1ºC for many stations in this study case in Aragón). When stations with fewer gaps 

and higher precision are used, the MAE is lower, exhibiting a value of approximately 

1.5ºC (Fig. V.3).  
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Fig. IV.8. MAE and BIAS box plots for the maximum and minimum temperature values for all the 

stations used in the study to verify the downscaling methodology for temperature 

 

IV.2. Validation of GCMs for the study case 

To determine the ability of each of the GCMs to simulate the climate of the study 

area, the GCM simulation of the past (the control run of the climate model for the 20th 

century, called 20C3M) is downscaled, and then compared to the downscaled ERA40 

simulation (representing the observed climate, see III.3.2). 
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Figure IV.9 shows the BIAS and the standard deviations for the maximum and 

minimum temperatures, for each GCM and each season. The validation provides 

robust results for temperature, as the bias is low for both the maximum and minimum 

temperatures across most of the models, with a mean of approximately 1ºC in the 

worst case. Model CNCM3 provides the best results for autumn and winter, but the 

worst for summer. The ECHAM5 and BCM2 models have similar results, with some of 

the lowest biases in all seasons. On the other hand, the EGMAM model provides the 

worst BIAS for all seasons, except summer. 

 

Fig. IV.9. Validation of the relevant GCMs used for the simulation of temperatures. Absolute 

BIAS and relative standard deviations for the maximum and minimum temperatures between 

the results simulated by downscaling of the control scenario 20C3M for each GCM used in the 

study, along with those obtained by downscaling of ERA40 for the control period (1958– 2000) 

 

On the other hand, Figure IV.10 shows the absolute and relative BIAS and the list of 

typical deviations for precipitation. 

The BIAS and typical deviations are generally less than 0.5 mm/day (10% in relative 

terms), except for summer, when, apart from the ECHAM5, the deviations are 

approximately 1 mm/day (between 30% to 50% relative error, depending on the model, 

due to the low rainfall in summer). All the models have similar results, except in 
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summer, when the ECHAM5 gives significantly better results than the others, both for 

the BIAS and the standard deviations. 

 

 

 

Fig. IV.10. Validation of the GCMs used for the simulation of precipitation. Absolute and relative 

BIAS and absolute and relative standard deviations for the precipitation values between the 

results simulated by downscaling of the 20C3M control scenario for each GCM used in the 

study, along with those obtained by downscaling of ERA40 for the control period (1958–2000) 

 

IV.3. Climate projections for the study case 

IV.3.1. Evolution of temperature averages 

The temperature simulations for scenario A1B exhibits increases in the maximum 

temperature throughout the 21st century; by mid-century (2050±15), a 2.5ºC increase 

in summer, a 2ºC increase in both autumn and spring, and an approximately 1.5ºC 

increase in winter are expected (Fig. IV.11). The minimum temperatures would 

increase by almost 2ºC in summer and by approximately 1.5ºC in the other seasons 

(slightly above 1.5ºC in autumn, 1.5ºC in spring and slightly less in winter). The 

maximum temperatures may increase by over 4ºC in summer in the 2070s, while the 
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largest increases in the minimum temperatures will be approximately 3ºC from that 

decade onwards (Fig. IV.12). 

 

Fig. IV.11. Expected increase in the maximum temperature by season and for each one of the 

three greenhouse gas emission scenarios chosen. The expected increase is shown as a mean 

(line) together with the standard deviation (shaded in the same colour) 
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Fig. IV.12. Expected increase in the minimum temperature by season of the year and for each 

one of the three greenhouse gas emission scenarios chosen. The expected increase is shown 

as a mean (line) together with the standard deviation (shaded in the same colour) 

 

The B1 scenario simulations exhibit smaller temperature increases (a mean of 

approximately 1.8ºC for the maximum temperatures and approximately 1.5ºC for the 

minimum temperatures in summer at mid-century), as expected from the 

characteristics of this emission scenario. 

The behaviour of scenarios A1B and A2 is fairly similar for the temperature until mid-

century; from then on, the A2 scenario simulation predicts larger changes than those of 

the A1B scenario, with differences of approximately 0.5ºC simulated at the end of the 

century. This trend is observed for both the maximum and minimum temperatures. This 

result agrees with the characteristics of the emission scenarios, which evolve similarly 

until halfway through the century, when A1B becomes less negative, due to the slowing 

of the population growth and, therefore, the reduction in the greenhouse gases 

emissions. 
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IV.3.2. Evolution of precipitation averages 

For precipitation, the A1B scenario simulations exhibit a slight decrease throughout 

the 21st century (Fig. IV.13). The largest decreases occur in autumn, by up to 9% at 

the end of the century, followed by a moderate drop in spring of approximately 7%, and 

2.5% reductions in summer and winter. Moreover, the differences between the models 

and the stations are larger than for the temperatures, with the shaded areas being 

much wider and covering both the increases and decreases in rainfall. Note that 

changes for all stations in Aragón are shown here. When the different climatic regions 

of Aragón were studied separately (see section IV.3.3), large increases and decreases 

were observed depending on the region of interest. 

The three emission scenarios behave fairly similarly, and their trends are not clear – 

perhaps the most striking feature in this figure is the wide area of the standard 

deviation, which exhibits significant differences in the simulations for the different 

stations and for the different climate models, as explained before. 

 

Fig. IV.13. Expected changes in precipitation by season of the year and for each one of the 

three greenhouse gas emission scenarios chosen. The expected increase is shown as a mean 

(line) together with the standard deviation (shaded in the same colour) 
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IV.3.3. Spatial distribution of changes 

Figures IV.14, IV.15, and IV.16 contain maps of the region of Aragón showing the 

results obtained for the maximum temperature, the minimum temperature, and the 

precipitation scenarios, respectively, for the A1B emission scenario. Scenario A1B was 

studied in more detail for the entire 21st century because it is an intermediate scenario, 

in terms of the socio-economic and energy development, between scenarios A2 (the 

most negative) and B1 (the most positive).  

The values presented in this section are the mean (for all GCMs) of the differences 

between the downscaled values of the A1B scenario of each GCM (averaged over the 

30 years of the corresponding period), and the downscaled 20C3M control values 

(averaged for 1970-2000) for the same GCM. The periods 2010/2040, 2040/2070 and 

2070/2100 (being representative of the beginning, the mid, and the end of the century) 

were analysed for each season of the year. 

The maps were obtained by interpolating the results for each station to improve their 

display because maps with values only at points are difficult to interpret, but strictly 

speaking they must not be taken as the geographical distribution of the variable under 

study, i.e., they are only a graphical representation. All the maps were generated using 

the same interpolation method – Inverse Distance Weighting (Shepard, 1968), or IDW 

– which is well-proven in interpolating meteorological variables. Moreover, IDW was 

chosen because of its ease of use and because it never produces values beyond the 

limits of the starting points (i.e., it never extrapolates); also, even when the spatial 

variability of a variable cannot be collected correctly, it always interpolates values 

whose deviation with respect to the starting values for interpolation are not too high. 

When interpolating rainfall into the maps, a smoothing factor was entered into the 

areas surrounding the weather stations, so that the maps do not show isolated values 

in these surroundings, and, therefore, display gradual changes in the variable. 

If the five climate regions are analysed separately using scenario A1B for the 2040-

2070 period (Fig. IV.17a), the Mediterranean Transition region is seen to undergo the 

largest increase in the maximum temperature during this period, especially in the 

summer months (July, August, September), followed by autumn and spring. In mid-

century, warming in the region may reach an additional 3.5ºC in summer. The 

Continental sub-Mediterranean, followed by the Northern Mediterranean, are the two 

regions exhibiting the largest temperature increases, following the same pattern as the 
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Mediterranean Transition region, with larger increases in summer (3.2ºC in the 

Continental sub-Mediterranean and approximately 3ºC in the Northern Mediterranean). 

The minimum temperatures (Fig. IV.17b) also exhibit significant increases for all 

climatic regions, especially in August and September, and lower increases between 

November and April. Once again, the Mediterranean Transition region will undergo the 

largest increase in minimum temperature of approximately 2.5ºC at the end of summer, 

closely followed by the Continental North Mediterranean, which may see increases in 

the minimum temperatures by almost the same magnitude at the end of summer, and 

the Continental sub-Mediterranean by slightly less than 2.5ºC. The differences between 

regions are more noticeable for the months in which the least change is expected 

(January and February); in contrast, months where larger changes are expected exhibit 

small differences between regions. 

With precipitation, the downscaled A1B scenario for 2040-2070 (Fig. IV.17c) 

resulted in behaviour of each climatic region that varied greatly, depending on the 

season. For example, in summer, the northern regions, i.e. the Mediterranean 

Transition and the Northern Mediterranean regions exhibit a trend of up to 8% less 

rainfall, for the former, and 6% for the latter, followed by the central regions (Dry steppe 

and Southern Continental Mediterranean) with an approximate decrease of 4%. 

However, there seems to be increased rainfall (approximately 4%) in the southern 

regions. These north-south differences are also clearly seen on the maps for summer 

during the period from 2040 to 2070 for the mean precipitation from the A1B scenario 

(Fig. IV.13). 

Autumn also seems to be drier in the northern zone because the Mediterranean 

Transition and Northern Mediterranean regions exhibit the sharpest drops of up to 12% 

and 9%, respectively. However, during the same period, the central and southern 

regions exhibit practically no decrease; however, a decrease begins to be seen at the 

end of the century in the precipitation maps in Figure IV13. 

Winter starts with December, and there seems to be increased rainfall for the period 

over all climatic regions, but the increase is offset by a definite decrease in January 

(also in February in some regions). Thus, the mean change in precipitation for winter 

as a whole is not significant. 
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Finally, spring exhibits decreased rainfall over all of Aragón, with an especially sharp 

decrease in the central and southern regions (Continental sub-Mediterranean and Dry 

Steppe), which may reach a drop of 11%, although this reduction is also found in the 

north (approximately 8%). Overall, for the entire region, spring seems to have the 

highest decrease, closely followed by autumn. 

 

 

 

Fig. IV.14. Geographical representation of the maximum temperature rise in Aragón during the 

21st century (shaded in the same colour). The maps show the difference among the means for 

regionalised values for each GCM used in the study under scenario A1B, averaged over 30 

years for the corresponding period, and the mean regionalised values for the 20C3M control 

(1960–2000) for the same GCM 
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Fig. IV.15. Geographical representation of the minimum temperature rise in Aragón during the 

21st century, which is similar to Fig. IV.14 
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Fig. IV.16. Geographical representation of the percentage precipitation rise in Aragón during the 

21st century, which is similar to Figs. IV.14 and IV.15 
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Fig. IV.17. Expected increases in the maximum (top) and the minimum (central) temperatures 

and precipitation amounts (lower) at each climatic region of Aragón, during the period spanning 

2040–2070 from the simulation based on scenario A1B. The increases are measured against 

their corresponding control scenarios for the 20th century (20C3M) 
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V.1. About the methodology 

V.1.1. Advantages and limitations 

The methodology presented in this thesis, as in other statistical approaches, shows 

disadvantages compared to dynamic downscaling: (1) historical observations of the 

studied variables are needed; (2) they have possible spatial or inter-variable 

inconsistencies; and (3) there may be a possible problem of non-stationarity in the 

relationships between predictors and predictands particularly due to weak physical 

linkages. 

The main advantages of the statistical approaches are two. The first is the low 

computational cost, which allows the downscaling of many GCM outputs and several 

greenhouse gas emission scenarios in order to quantify uncertainties (van der Linden 

and Mitchell, 2009). The second is that specific information is provided for point 

locations with observations, and in these observations the microclimatic features of 

these points are implicit. This local detail is relevant as the same future climate may 

bring changes with respect to the current climate which could be quite different for 

points which are a few km apart. This supposition has been confirmed with the results 

obtained when local future climate scenarios are produced using this methodology. 

Dynamic approaches typically provide spatial resolutions of up to 25 km, which are still 

insufficient to resolve topography with enough detail and to show differences in the 

projected changes for points located close together.  

Regarding this particular statistical approach, it presents good verification results 

that are consistent with other studies when comparisons with other downscaling 

methods are considered (Goodess et al., 2011; Brunet et al., 2008; van der Linden and 

Mitchell, 2009). 

These good verification results are due to some particular characteristics of this 

methodology: (1) predictors selection is based on theoretical considerations, trying to 

reflect the physical linkages between predictors and predictands, which to some extent 

reduces the stationarity problem; (2) it operates at the maximum spatial and temporal 

resolution offered by GCMs; (3) it considers the full range of data variability (it is not, for 

example, working with principal components); and (4) it performs linear analysis on the 

population of analogues, which reduces to a large extent the non-linearity of the 

relationships between predictors and predictands (see I.3.3 and III.1). 
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It should be mentioned that, though analogue methods ensure to some extent 

spatial and inter-variable consistency, the second step performed here could reduce 

this consistency. 

As regards limitations, poorer results have been highlighted in the simulation of 

precipitation in autumn in the Mediterranean area, and for this variable on a daily 

timescale (although in general the monthly and seasonal scales are well simulated). 

This limitation may be associated with the insufficient spatial and temporal resolution 

used (i.e., that offered by GCMs), as they cannot resolve atmospheric structures which 

are small in size and/or have a short life cycle, such as the convective structures 

responsible for heavy precipitations in Spain, especially in Mediterranean areas in 

autumn. 

V.1.2. Precipitation simulation 

Regarding the methodology (see II.3), the second step for precipitation includes a 

pooling and ranking of the n×m precipitation amounts corresponding to each group of 

m problem days (with n analogous for each problem day). Proceeding this way, a 

probability distribution is obtained for the m final precipitation values (according to Eq. 

III.5) which is more similar to the probability distribution of the n×m values of 

precipitation. To evaluate this, the Anderson-Darling test for the final precipitation 

estimates compared with the n×m amounts was used. The test gave a p-value for each 

group of m days of each station time-series, and all these p-values were averaged for 

each station. The final estimated precipitation (as well as observations) passes the 

Anderson-Darling test in almost all cases, with a significant p-value >0.05, while the 

preliminary estimates do not pass this test (Fig. V.1 upper panel). 



V. Discussion  
 
 

 - 65 - 

 

Fig. V.1 a) Box plots of mean P-values, for all stations, for the Anderson-Darling test on the 

indistinguishability of the simulated m×n values of rainfall (for each of m = 30 problem days, with 

n = 30 analogues for each one), compared to the m: observed values, preliminary and final 

estimated values of precipitation. b) The same test for comparing observed values with several 

simulations: value of the first analogue, preliminary and final precipitation estimates. For each 

station, the mean P-value is the average for every calculated P-value for each m-days period 

 

The Anderson-Darling test was also performed for several simulations of 

precipitation compared with observed precipitation. Results show that the final 

estimated precipitation is closer to observed precipitation than both the precipitation of 

the first analogue and the preliminary estimate (Fig. V.1 lower panel). 

The use of linear analysis for the second step of precipitation estimation is a subject 

of debate. For temperature, the second step consists of multiple regression, where the 

CDF (Cumulative Distribution Function) shape of predictors is somewhat similar to the 

CDF shape of the predictand. In the case of precipitation, for a suitable multiple 
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regression it would be needed to find some predictors whose probability distribution 

has a similar shape (Bürguer, 1996). However, physically linked predictors (mainly 

moisture and instability) have very different probability distributions compared to 

precipitation, and thus linear relationships cannot really be identified. 

Although the preliminary precipitation estimates obtained by averaging the 

analogues precipitation amounts provide good results for mean values, they 

underestimate both the number of dry days and the heavy rainfall amounts. Thus the 

aim of the probabilistic approach is to obtain precipitation time-series that properly 

represent the characteristics of the precipitation regime.  

Daily precipitation simulated by numerical models generally has very high MAE in 

comparison with other variables (Hamill, 1999; McBride and Ebert, 2000), thus some 

authors use verification methods such as Ranked Probability Scores (Hersbach, 2000; 

Weigel et al., 2006). In this thesis, however, the focus was on verification of daily 

precipitation on rainy days, it is thus necessary to compare the PDFs of observed and 

simulated daily precipitation. In this respect, two non-parametric tests were performed, 

the Kolmogorov-Smirnov test with a bootstrap treatment (KS; Marsaglia et al., 2003, 

Sekhon, 2010), and the Anderson-Darling test (Scholz and Stephens, 1987). These 

tests showed that in general the distribution of simulated precipitation is not 

significantly different from that observed (p-value > 0.05). The results are similar for 

every month, with slight advantages for winter months in comparison to summer (Fig. 

V.2). 

The simulated daily precipitation presents a substantial MAE and BIAS for autumn in 

areas with a Mediterranean climate influence, with a clear underestimation of 

precipitation (Fig. IV.2). This is probably due to the difficulty found in the realistic 

simulation of deep convection, which is typical of the Mediterranean (Lazier et al., 

2001; Herrmann, 2008). This convection produces very intense precipitation due to 

persistent convergences of humidity and to the orthographic characteristics of the 

eastern peninsular coast (Gibergans et al., 1995; Chastagnaret and Gil-Olcina, 2006). 

Given the synoptic resolution of the GCMs (in general around 2 degrees), it is difficult 

to capture with precision such mesoscale phenomena; the availability of higher spatial 

resolutions would allow consideration of other physical predictors in order to improve 

results – for example, in operational forecasting the convergence of humidity is often 

used (Jansa et al., 2000). 
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Fig. V.2. Box plot of P-values, for all stations, for two non-parametric tests of the 

indistinguishability between the observed and simulated probability distribution functions, for 

precipitation amounts on wet days: a) Kolmogorov-Smirnov test with bootstrapping, and b) 

Anderson-Darling test 

 

Future improvements of the methodology for precipitation would be desirable. The 

inclusion of other physical forcings (humidity and instability) should be tested. The 

effectiveness of this inclusion will probably be related to an increase in GCM resolution 

The inclusion of humidity as an additional predictor for the second step has been 

tested, using different approaches, but so far verification results did not improve 

significantly. In fact, physical links are found between one day‘s humidity field and its 

synoptic configuration (related to air trajectories, temperature, etc.). In addition, GCMs 

currently have problems simulating moisture (Hu et al., 2005; John and Soden, 2007), 

partly due to low spatial resolution (Räisänen, 2007). Therefore, the inclusion of 

humidity in the final version of the methodology was rejected for Spain. Nevertheless, 

the adaptation of the methodology to other regions (e.g. Central America, see V.3.2) 

required the inclusion of humidity to obtain good results, due to their particular 

atmospheric circulation characteristics.  

V.1.3. Data time resolution and precision in temperature simulation 

Initially, maximum and minimum temperatures were simulated from the ERA40 

atmospheric configuration at 00Z. This gave larger MAE for maximum temperature 
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than for minimum (2.0°C versus 1.8°C). The reason seemed to be that 00Z information 

allows good simulation of minimum temperature (which usually occurs around 06Z in 

this area) but the use of 12Z information is more suitable for maximum temperature 

(which usually occurs around 14Z). Thus the temporal resolution of the predictors is 

important in order to minimise errors in simulating temperature. 

However, since for many climate models 12Z information is not available, it was 

used the average of the 00Z and 24Z (00Z of next day) to simulate maximum 

temperature. This reduced MAE to similar values as obtained for minimum 

temperature, around 1.8 °C (Fig. IV.4). 

The recording precision of temperature observations also clearly affects the mean 

absolute error of the simulation. If, for example, the MAE obtained averaging over all 

the stations (many of which show precision of 1ºC) is compared to the results 

averaging over only those stations with good precision (<0.5ºC), the MAE can be 

reduced by 3 to 5 tenths of a degree (Fig. V.3). For this comparison, stations with at 

least 60% of the series with good precision (295 stations), and those with at least 90% 

of the series with good precision (only 22 stations), were analysed. 
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Fig. V.3. Box plots of monthly MAE according to data recording precision: a) MAE for daily 

maximum temperature for all stations (black) and for those with intermediate precision (at least 

60% of the data with precision higher than 0.5ºC) (blue); b) The same as a) but for better 

precision (at least 90% of the data with precision higher than 0.5ºC (green); c) and d) The same 

as a) and b) respectively, but for minimum temperature 

V.1.4. Verification of temporal evolution 

In order to achieve the effect of cross-validation, the methodology includes an ―auto-

restriction‖ when simulating past climate: in the first step, the 5 previous days and the 5 

subsequent days of the problem day are excluded from the group from which the most 

analogous days have been selected. However, it is necessary to prove that the 
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methodology also allows for adequate simulation of a climatic period ―training‖ on a 

different period (a pure cross-validation scheme, from here on referred to as ―Cross‖). 

In this respect, Figure V.4 shows that the ―auto-restriction‖ gives verification results 

similar to those obtained when simulating half of the data with the corresponding other 

half (Cross); the periods used for this test are 1958-1974 (period 1) and 1975-2000 

(period 2). 

 

Fig. V.4. Box plots of the comparison between BIAS and MAE according to two verification 

methods (original and Cross), and two periods (Period 1 and Period 2), for all stations: a) BIAS 

of precipitation; b) BIAS of maximum temperature; c) MAE of monthly precipitation; d) MAE of 

daily maximum temperature 
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Note that the ―auto-restriction‖ method gives a MAE which is slightly lower than for 

the Cross method, owing to the fact that the selection of analogues is more effective 

the longer the ―training‖ period used.  

Another relevant aspect considered in Figure V.4 is the capacity to adequately 

simulate one period from another. That is to say, it is possible to simulate a warmer 

and slightly drier period (1975-2000) despite training on a relatively cold and wet period 

(1958-1974), and vice-versa (periods are according to Brunet et al., 2001 and Lopez-

Bustins et al., 2008). Thus, it is expected that the method described in this thesis 

should be able to adequately simulate future climate changes from a different past 

climate.  

Good performance in the simulation of climate evolution can also be analysed using 

the Pearson correlation of time series of seasonal precipitation and temperature. In this 

respect, it has been estimated that the median correlation for seasonal precipitation is 

R = 0.7 (Fig. V.5), whereas for temperature it is R = 0.8 (Fig. V.6).  

 

 

Fig. V.5. Correlation of simulated and observed time series of seasonal precipitation: a) Spatial 

distribution of the correlation for the four seasons; b) seasonal precipitation (winter and 

summer) time series for a station with correlation equal to the median (R = 0.7; station is 

Requejada Reservoir, AEMET code 2232) 

 

The area which shows most skilful simulation of the temporal evolution of 

precipitation is the southwest peninsula, particularly in winter, with a correlation of R > 
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0.9; this is probably due to the fact that the origin of precipitation in this area is largely 

frontal. In contrast, lower correlations are obtained in the southeast peninsula, the Ebro 

Valley and the Balearic Islands, especially in summer (R < 0.3), owing to the scarcity of 

precipitation (Fig. V.5a). Figure V.5b shows the observed and simulated time series in 

winter and summer for a station with R equal to the median of all the stations, and with 

data spanning at least 30 years. 

As regards the temporal simulation of temperature, the spatial distribution of the 

correlations is more homogeneous, especially in spring. The seasons showing poorer 

simulation are summer and winter in the southeast and southwest respectively, with 

correlations lower than 0.6 (Fig. V.6). Figure V.6b shows the observed and simulated 

seasonal time series for a station with R equal to the median of all the stations, and 

with at least 30 years of data. 

It can also be seen that seasonal simulation of the 95th percentile of precipitation 

and temperature (Fig. IV.3) gives a temporal correlation with observations which is 

spatially coherent with that for the seasonal averages (Fig. V.5 and V.6). 

 

 

 

Fig. V.6. Correlation of simulated and observed time series for seasonal maximum temperature: 

a) spatial distribution of the correlation for the 4 seasons; b) seasonal maximum temperature 

time series for a station with a correlation equal to the median (R = 0.8; station is Almazán, 

AEMET code 2045 
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V.2. Climate simulations for the study case 

V.2.1. Specific verification and validation for the study case 

The verification results are very good for temperature and sufficient for precipitation 

(according to the ―state of the art‖ when downscaling this variable, in comparison with 

other techniques, Goodess et al., 2011). The validation results are very robust for 

temperature, but give rise to some doubts for precipitation.  

Significant precipitation under-estimations were observed in the verification results, 

especially in autumn (when convective precipitation is more important), as well as 

deviations in the validation results of over 15% in some cases (depending on the 

model).  

This uncertainty associated with precipitation scenarios, which is common for the 

available downscaling methods, is due to the difficulty found with the precipitation 

variable because of its high spatial and temporal heterogeneity; also in addition, part of 

the precipitation is caused by small-scale atmospheric structures (in space and time) 

that cannot be resolved at the resolution of the GCMs. Therefore, the precipitation 

results must be used with much greater caution than those for temperature. 

The verification and validation results give an approximate idea of the uncertainty 

(one of the components of the cascade of uncertainties) associated when simulating 

the future. Therefore, this information must be borne in mind when using the scenarios, 

and analysed on a local scale due to the significant spatial differences among stations 

that depend on several factors. For example, remembering that it is difficult to simulate 

convective precipitation (because of the temporal and spatial resolution of the GCMs, 

which cannot resolve small, short-term structures causing such precipitation), the 

verification results for stations with a large fraction of convective precipitation are 

expected to be poorer than those for stations with less convective precipitation. It is 

also possible that a specific GCM could provide better results for some areas than for 

others (for example, for stations on one slope of a mountain range, if that GCM better 

represents the atmospheric conditions causing rainfall on that slope, e.g., frontal 

systems at a certain latitude). 

Therefore, different stations present different verification and validation results, and 

thus uncertainties of varying magnitude for the future climate scenarios. When the 
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scenarios are to be used for a specific point, the verification and validation results must 

be analysed at that point to quantify the uncertainty on a local scale. Furthermore, the 

results from the verification and validation enable systematic error to be calculated (the 

measure by which the simulations from the downscaling of the GCM control outputs do 

not relate to the real climate), which must also be calculated and used on a local scale 

for each station. 

V.2.2. Climate projections for the study case 

The simulations derived from the downscaling of the three scenarios used in the 

project (A2, B1 and A1B) result in fairly similar conclusions. All the simulations indicate 

temperature rises, both for the maximum and minimum temperatures, and decreased 

precipitation, although in varying magnitudes. 

The increase in temperature is significant up to the middle of the century, and it then 

becomes even sharper in the second half of the century, particularly for scenario A2, 

but quite a lot less for scenario A1B. As mentioned, a rise in both the maximum and 

minimum temperatures is expected, with a slightly higher rise for the maximum 

temperatures. In both variables, the strongest increases will occur in summer, followed 

by autumn, spring and winter. 

This provides increases in the maximum temperatures of 3ºC in summer and 

increases in the range of 2-2.5ºC for the rest of the year in the 2040-2070 period for 

scenarios A2 and A1B. For the minimum temperatures, the increase will be 

approximately 0.5ºC lower than those for the maximum temperatures (2.5ºC for the 

summer, 2ºC in autumn and 1.5ºC the rest of the year). The maximum temperatures 

may rise by over 5ºC at the end of the century, along with an over 4ºC rise for the 

minimum temperatures, according to scenario A2. 

The behaviour of the three scenarios agrees with what their characteristics lead to 

expect: the downscaled B1 scenario exhibits lower temperature rises, and the 

behaviour of the A1B and A2 scenarios is similar for temperature until the mid-century; 

however, from then on, scenario A2 exhibits greater changes (approximately 0.5ºC 

higher than the temperatures for scenario A1B by the end of the century). The IPCC 

Fourth Assessment Report (AR4) models for global temperature simulations (IPCC, 

2007) behave similarly for temperature relative to scenarios A1B and A2, (A2 predicts 

larger changes toward the end of the 21st century, with a mean of approximately 1ºC 
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larger), and exhibit smaller changes for B1, which returns a difference of approximately 

1ºC.  

Both the behaviour of the three scenarios and the magnitude and trends of the 

increases in temperature are consistent with previous studies using the IPCC AR3 

models, including one in Spain (Brunet et al., 2008). Although the AR4 models results 

in smaller differences between summer and winter, it exhibits less warming in summer 

and more in winter than the AR3 models. 

The same behaviour patterns were reported in other studies on regional scenarios 

(Jiang and Yang, 2012; Liu et al., 2012). 

For recent applications of the methodology, climate models used for IPCC AR5 were 

validated and downscaled (Santiago et al., 2015; Monjo et al., 2015; Ribalaygua et al., 

2015). These applications showed more or less similar changes to those of AR4 

models (although changes in the way of considering greenhouse gases‘ future 

concentration do not allow a direct comparison). 

Regarding precipitation, although all three scenarios suggest a moderate decrease 

in rainfall throughout the 21st century, especially in autumn (by approximately 9%), 

followed by spring (7%) and very little in summer and winter (less than 5%), they do not 

follow as clear a pattern as that of temperature. The three scenarios behave in a fairly 

similar fashion and do not exhibit the change in trends that were observed for 

temperature. This less clear change of direction in precipitation is consistent with the 

uncertainties arising from the validation results for precipitation described above. 

When the temperature increases in the five climatic regions are analysed separately 

for scenario A1B, the pattern for nearly all regions was for the larger increase to occur 

in summer, followed by autumn, spring and finally winter. The Mediterranean Transition 

region, where the Pyrenees are located, is the region where the maximum temperature 

will increase most sharply (by over 3.5ºC) in the mid-21st century (2040-2070), along 

with the largest increase in the minimum temperature (2.5ºC rise). 

The Continental sub-Mediterranean region, which includes the Iberian mountain 

range, will undergo the second largest rise in maximum temperature (approximately 

3.2ºC), and the third largest rise in the minimum temperature (a little less than 2.5ºC) in 

summer.  
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The Northern Continental Mediterranean, which is located in the Pyrenean foothills, 

is the third most-affected region by maximum temperature (approximately 3ºC), and the 

second for minimum temperature which, at the beginning of summer may rise in line 

with those of the Mediterranean Transition region (approximately 2.5ºC). 

Regarding precipitation, it seems that it will decrease in spring and autumn, 

generally the wettest seasons in Aragón. Broadly speaking, the Northern and 

Continental sub-Mediterranean regions will experience higher decreases than in the 

south, where drier springs are predicted together with a slight increase in summer 

rains. The central area of Aragón will have generally less significant variations in 

precipitation, with this study indicating that spring will be drier in the region. 

The northern part of Aragón, the Mediterranean Transition and Northern Continental 

Mediterranean areas could suffer the most from decreased precipitation in all seasons, 

especially in autumn, with up to 12% less precipitation, followed by spring 

(approximately 8%) and slightly less in summer. There is no clear change in winter. 

As mentioned before, the uncertainty associated with precipitation simulation is 

important, with verification and validation errors similar to the simulated changes. Thus, 

the precipitation results (magnitude and even sign of changes, spatial differences...) 

must be used with caution. 
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V.3. Other applications of the methodology 

V.3.1. Applications in Europe 

a) Verification and scenario generation  

The first remarkable application of the research developed within this thesis was in 

the ―Regional climate information-evaluation and projections‖, a study for the AR3 

Working Group I (Giorgi et al., 2001). 

 The methodology developed has been tested in different projects targeting the 

comparison of downscaling methods. The first one was the STARDEX European 

project, where the method, initially developed for Spain, was adapted to the whole of 

Europe. As part of the STARDEX project, a systematic and rigorous intercomparison 

was undertaken of 22 statistical downscaling methods, focusing on 10 indices of 

extreme temperature and precipitation. A case-study approach was taken, 

encompassing six European regions and Europe as a whole. This comparison gave 

very good results for the methodology presented in this thesis, which performed the 

best of all the methods applied to the whole of Europe (Goodess et al., 2011). When 

compared to all 22 methods, whether those developed for the whole of Europe or those 

especially developed for one of the European regions examined, the results were also 

excellent. One of the conclusions of the resulting publication (Goodess et al., 2011) 

was that this ―European-wide method performs well for temperature, as well as or 

better than locally-developed methods‖. Precipitation results were not as clear as those 

of temperature, but it must be noted that these results were obtained with the version of 

the method available in 2004. This version was enhanced after the STARDEX 

comparison, especially for precipitation; for example, by the inclusion of the 

probabilistic transference (see III.2.3), which significantly improved the results, 

especially for precipitation extremes (see V.1.2). 

The results obtained in STARDEX led to the selection of this methodology by the 

Spanish National Institute for Meteorology (now Meteorological State Agency, AEMet) 

for its application to the production of an important part of the official climate scenarios 

for Spain in 2008 (Brunet et al., 2008), used for the Spanish National Adaptation Plan. 

For example, the scenarios produced with the developed methodology were used for 

the studies that the Spanish Office for Climate Change commissioned for the climate 
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change impact assessment on vegetal (Felicísimo et al., 2011) and animal (Araújo et 

al., 2011) biodiversity and on water resources. 

This method was also compared with other downscaling methods, in this case with 

dynamical Regional Climate Models (RCM), in the ENSEMBLES European Project. 

Results were also good for this method, which offered better results than all the RCM 

used for all seasons (showing a smaller distance to the "perfect point" in Taylor 

diagrams; van der Linden and Mitchell, 2009, page 68). 

It must be mentioned that obtaining better local verification results (comparing 

simulations for certain points to local observations) than those of the RCMs should not 

be interpreted as something technically remarkable, since those RCMs do not at any 

time use local observations, as statistical methods do. But regardless of its technical 

merit, if information at a local level is required, as it is in many projects aimed at 

adapting to climate change, verification results show that this particular statistical 

method simulates local information significantly more robustly than RCMs. 

b) Applications for impact assessment  

The methodology has also been used for local study cases, such as the analysis of 

climate change effects on urban areas in the Mediterranean zone. The evaluation of 

possible climate change influence on extreme precipitation is very interesting in this 

area due to the usual and characteristic high intensities of its rainfall pattern, 

sometimes reaching remarkable amounts of more than 400 mm in one day. This 

analysis is also very important in urban areas, especially those densely populated with 

complex sewer systems, generally vulnerable to torrential rainfall.  

In a study for Barcelona, a total of 114 simulated daily rainfall series, 84 for the 

period 2000–2099 and 30 for the control period 1951–1999, were analysed. These 

series were obtained for six thermo-pluviometric stations located in the metropolitan 

area of Barcelona using the information provided by five general circulation models 

under four future climate scenarios of greenhouse gas emissions, downscaled applying 

the statistical method developed in this thesis (Rodríguez et al., 2014). For this 

application, the method was fine-tuned in order to optimize the simulation of climate 

information that affects intensity–duration–frequency (IDF) curves, such as maximum 

precipitation in 24 hours. 
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With these future climate projections, the potential changes in the intensity–

duration–frequency relationships due to climate change have been investigated. For 

the last third of the 21st century, under A1B, A2, B1 and B2 climate scenarios, an 

increase of at least 4% has been found on the expected daily rainfall with return period 

longer than 20 years. Using a temporal downscaling based on scaling properties of 

rainfall, future hourly extreme rainfall has been estimated. For almost all the scenarios 

and periods considered, the increase in the expected hourly rainfall has resulted 

slightly higher than the corresponding daily rainfall. The greatest differences between 

the future hourly and daily rainfall estimated have been found in the second third of the 

century under scenarios A1B (8%) and A2 (9%). 

The statistical downscaling method has been used recently to study more general 

cases. Possible changes in extreme precipitation in Spain for this century were 

simulated from several CMIP5 climate models (Monjo et al., 2015).  

Eighteen climate projections (9 models under RCP4.5 and RCP8.5 scenarios) were 

downscaled using the two-step analogue/regression statistical method. 144 rain 

gauges were selected as the rainiest of a network by using a threshold of 250 mm in 

one day for a return period of 100 years. Five theoretical distributions (Gamma, 

Weibull, Classical Gumbel, Reversed Gumbel and Log-logistic) were used to fit the 

empirical cumulative functions (entire curves, not only the upper tail) and to estimate 

the expected precipitation according to several return periods: 10, 20, 50 and 100 

years.  

Results in the projected changes for 2051-2100 compared to 1951-2000 are similar 

(in terms of sign and value) for the four return periods. The analysed climate 

projections show that changes in extreme rainfall patterns will be generally less than 

the natural variability. However, possible changes are detected in some regions: 

decreases are expected a few kilometres inland, but with a possible increase on the 

coastline of southern Valencia and northern Alicante, where the most extreme rainfall 

was recorded (Monjo et al., 2015). 

 An eco-hydrologic study in Spanish rivers can be cited as an example of application 

in temperature change impacts. The study addressed the determination of the realized 

thermal niche and the effects of climate change on the range distribution of two brown 

trout populations inhabiting two streams in the Duero River basin at the edge of the 

natural distribution area of this species (Santiago et al., 2015). 
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Water temperature data were collected using 11 thermographs located along the 

altitudinal gradient, and they were used to model the relationship between stream 

temperature and air temperature along the river continuum. Trout abundance was 

studied using electro fishing at 37 sites to determine the current distribution. The 

Representative Concentration Pathways RCP4.5 and RCP8.5 for different climate 

models used for the International Panel of Climate Change for its Fifth Assessment 

Report were validated and downscaled in this application.  

V.3.2. Applications in America 

Focusing the methodology applicability assessment on other world regions, the 

method was extended to Latin America after the required adaptation to the 

particularities of the atmospheric circulation and the climate characteristics of the 

different regions. In 2010, within a project on climate change and food security in 

Nicaragua funded by AECID (Spanish Agency for International Development 

Cooperation), the tool was adapted in detail to Nicaragua, with the collaboration of local 

technicians from the INETER (Nicaraguan Territorial Studies Institute). Once the 

methodology was adapted, local climate scenarios were produced and then used to 

assess the impact of climate change on food security, in collaboration with the Institute 

of Hunger Studies (Spain) and the Central American University in Managua. 

The adaptation to Central America was quite successful, with even lower verification 

errors than those obtained for Spain or Europe (Fig V.7). These verification results 

support the conclusion that this methodology can generate future local climate 

scenarios in Central America with great technical robustness. Following these 

verification results, the practical applications of the methodology have increased in 

different American regions. Thus, it has been used in studies that cover large areas of 

not only Central America but also South America, areas with all kind of climates (high 

mountains, coastal zones, tropical climates, extreme events high-exposure areas…) 

affecting several different countries (Mexico, Colombia, Chile, Costa Rica, Honduras, 

El Salvador and Nicaragua). The verification results obtained for all these areas make it 

possible to fulfil one of the main objectives of this thesis, i.e., to show the 

methodology‘s applicability under different climatic conditions and for different regions 

of the world, including developing countries. 
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In all these studies, climate change projections were obtained with the downscaling 

methodology, and were then used to assess their impact on several human activities 

(agriculture, livelihoods and food security, value chains, forests, etc.) 

 

Fig. V.7. Temperature simulation using NCEP/NCAR downscaling, showing maximum (left 

column) and minimum (right column) temperatures (maximum, red; minimum, blue). Top 

figures: Monthly values of observed (grey bars) and simulated temperatures. Bottom figures: 

Monthly MAE between observed and simulated values; the box plots display the values for the 

total of stations used 

 

As mentioned, the first application was in 2010, within the project ―Strengthening 

capacities for generating climate change scenarios, impact analysis and definition of 

adaptation strategies with populations in food insecurity in Nicaragua‖. This project was 
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followed in 2011 with another one funded by AECID, ―Strengthening nutritional and 

food sovereignty and security strategies that promote economic growth amongst those 

who are most vulnerable to climate change in Nicaragua‖, where the CMIP5 climate 

models were downscaled with the method. 

Other specific adaptations of the methodology were also made in the international 

project CLIMIFORAD. The great variability within the climates analysed (equatorial, 

tropical, seaside and high mountain climates) required thorough study of the 

meteorological variables and their atmospheric fields (predictors) of influence involved 

in each area. Once adapted and verified (again, with excellent results), future 

temperature and precipitation climate scenarios were produced with this statistical 

downscaling technique, from the new GCMs and the new radiative forcing scenarios 

(RCPs, Representative Concentration Pathways) used for the IPCC Fifth Assessment 

Report (AR5). These future climate scenarios have been used to assess climate 

change impact on forests, given that CLIMIFORAD (Climate Change, Iberoamerican 

mountain forests and adaptation, funded by the Inter-American Development Bank) 

aims to contribute to the process of regional adaptation to climate change by 

generating awareness of its impacts on forest ecosystems in high mountains, and 

through the development of tools for better forest management in the context of climate 

change. 

As mentioned earlier, the methodology‘s practical applicability is of great 

importance. Therefore, a project involving a research stay in Central America was 

considered relevant, in order to carry out a detailed practical application in a different 

climate. Central America was chosen because it is the developing region with the 

highest global climate risk (Kreft and Eckstein, 2014). I opted to spend a extended 

research visit there in order to learn from the experience of local technicians in Central 

American climatology seeking the optimization of the methodology‘s adaptation, and in 

order to carry out a detailed, in-depth practical application, producing future scenarios 

which were tailored to the needs of users in the region, who often have limited 

technical and scientific capacities. 

The stay was also required in order to ensure the incorporation of local technicians 

and users through participatory processes. The objectives of these processes were: (1) 

to know how the weather/climate affects them, and based on this, to identify what 

information (variables…) they need to have simulated for the future; (2) to optimize the 
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"translation" of climate information into the language of the sector to which it is being 

applied, in this case agriculture, through specific indices that show how the weather 

affects each phenological stage of the crop; (3) to validate these indices in order to 

ensure that they show what they were intended to show and that they respond to local 

perceptions. The incorporation of local ancestral knowledge into the research is 

achieved through these participative processes, and they also make it possible for local 

users to have greater confidence in the research results, as they take part in the index 

verification and they realize that the modeling used responds to their perceptions. 

During the research stay, the practical application was carried out within the project 

―Strengthening local capacities for adaptation to climate change in the Gulf of Fonseca 

(Pacific coast of Nicaragua, Honduras and El Salvador), funded by the European Union 

(EuropeAid/128320/C/ACT/Multi). The two-step statistical downscaling method was 

reviewed and adapted to simulate climate projections of 21st century for the Gulf of 

Fonseca according to Coupled Model Intercomparison Project (CMIP5) climate models. 

The downscaling methodology was adjusted after looking for good predictor fields for 

this area (where the geostrophic approximation fails and the real wind fields are more 

appropriate).  

The method performance for daily precipitation and maximum and minimum 

temperature was analysed, and this showed suitable results for all variables. For 

instance, the method was able to simulate the characteristic cycle of the wet season for 

this area, which includes a midsummer drought between two peaks. With all this, future 

projections showed a gradual temperature increase throughout the 21st century and a 

change in the features of the wet season (first peak and midsummer rainfall being 

reduced relative to the second peak; earlier onset of the wet season and a broader 

second peak). 

All these results have been included in a scientific paper (Ribalaygua et al., 2015), 

that was recently submitted to an international peer reviewed journal. 

V.3.3. Applications in other world regions 

Some other applications of the method were done in different regions and climates. 

For example, in the ENSEMBLES project the method was adapted and then applied to 

the North of Africa. Verification results were poorer than those for Europe, probably due 

to the lower quality of the observational data sets. 
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A more detailed application was carried out in Kyrgyzstan, Central Asia. The 

adaptation of the method to that area was quite difficult, due to the particularity of 

Kyrgyzstan‘s climate: it is the country of the world farthest away from any ocean, and it 

is surrounded by various mountain ranges easily reaching 5,000 m in height (up to 

7,500 m). Thus, verification results were acceptable, but also not as good as those 

obtained in other regions. The validation results of different GCM were also acceptable. 

The future local climate scenarios were finally produced and used to assess the 

impacts of climate change on pastures and livestock in Kyrgyzstan. 
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VI.1. About the methodology 

This thesis presents a two-step statistical downscaling methodology which allows 

good simulation of past climate on the Spanish peninsula and the Balearic Islands on a 

local scale, when ERA40 reanalysis is downscaled. The mean absolute error (MAE) for 

daily precipitation is lower than for two reference simulations (persistence and 

climatology), whereas for minimum and maximum daily temperature, MAE is around 

1.8ºC – however, MAE for temperature is between 3 and 5 tenths of ºC lower if only 

those stations showing good recording precision (<0.5ºC) are considered.  

The bias obtained was generally insignificant, except for autumn precipitation in 

Mediterranean areas. The reason for this arises from the difficulty in simulating deep 

convection, which is typical of the Mediterranean, owing to the spatial resolution used 

(i.e., that offered by the GCMs). Despite this, the PDFs of simulated daily precipitation 

are not significantly different from observed, at least according to the Kolmogorov-

Smirnov (p-value = 0.4, with bootstrapping) and Anderson-Darling (p-value = 0.3) tests. 

The temporal evolution of climate is also well simulated, both for precipitation (with a 

correlation of about R = 0.7) and for temperature (with a correlation of about R = 0.8). It 

is also shown that the method is capable of satisfactorily simulating the period 1975-

2000 when trained on the period 1958-1974, and vice-versa. 

Thus, the methodology presents quite good verification results for Spain, so it can 

be used to robustly simulate future climate for this area. 

The methodology was initially developed for Spain, but it was later adapted and 

extended to Europe as a whole. When the resulting methodology was tested together 

with other downscaling methods in Europe, it obtained very good comparative 

verification results (Goodess et al., 2011; van der Linden and Mitchell, 2009). Thus, the 

method is also useful for producing future climate scenarios for the whole of Europe. 

This downscaling method has been also extended, after the corresponding 

adaptation, to other climates and regions of the world, such as Central America. 

Verification results in this area are also very good, again permitting its robust use for 

future climate simulation in the region (Ribalaygua et al., 2015). 
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VI.2. About the study case 

Using the developed downscaling methodology, future climate local scenarios for 

maximum and minimum temperatures and precipitation amounts have been produced 

for the 21st century for Aragón. 

The downscaling technique was verified and the used climate models were 

validated prior to producing the scenarios. The use of homogeneous meteorological 

data, going back almost 50 years and coming from 830 stations in the region, enabled 

downscaling to be performed with a high confidence, as demonstrated by the good 

verification and validation results, especially for temperature. The use of four GCMs for 

three emission scenarios (A2, B1 and A1B) indicates that the results shown are robust, 

and allows a better quantification of the uncertainties inherent to all climate simulation. 

In summary, this practical application provides technically robust scenarios for 

temperatures in Aragón that can be used to assess the impact of climate change; also, 

although the scenarios for precipitation provide some useful information to be borne in 

mind, they must be handled with caution. 

Regarding the impact of the climatic changes in the study area exhibited by the 

different scenarios considered, results indicate that the changes in temperature and 

rainfall will be particularly severe in the Pyrenees and Mediterranean areas of Aragón 

and will occur at a similar range of magnitudes as those expected for such ecosystems 

in other parts of Europe. The impacts in these particularly vulnerable areas will not only 

affect their rich natural habitats and ecosystems, but will also affect economic activities 

linked to tourism and will determine the amount of water available for urban and 

agricultural use, with a direct effect on the socio-economy in the Ebro Valley. Climate 

scenarios generated in this work can be an effective tool for the study of the impacts of 

climate change in quite localized areas, forming the basis for strategic decision-making 

for adaptation at the local level.  

VI.3. About the methodology’s applicability  

One of the objectives of this thesis was to assess the practical applicability of the 

methodology developed. This applicability has been shown by analysing whether the 

scenarios produced with the methodology meet the requirements for being used for 

climate change impact assessment and adaptation (see I.1): 
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 Local detail: the methodology generates local scenarios for the weather stations 

for which there are adequate historical records. And it does so satisfactorily, based 

on the good verification results on a local scale.  

 Sufficient temporal resolution: the method generates series of the main variables 

(temperatures, precipitation) with daily resolution, necessary for identifying many of 

the essential features of the climate and to feed many impact models. The 

verification analyses were done on different temporal scales, including a daily 

scale, and the good verification results validate the reliability of the simulations with 

this temporal resolution.  

 Consideration and quantification of uncertainties: the method has very low 

computing requirements, so it can be applied to downscale many future climate 

projections (different climate model outputs under different hypotheses of future 

GHG concentrations). The analysis of this variety of projections, together with the 

results of the methodology‘s verification and the climate models‘ validation, make 

possible a better quantification of the uncertainties.  

 Reliability: as has been shown, the methodology‘s verification results are very 

good in different regions of the planet. And in the various practical applications that 

have been carried out, the climate models used, belonging to successive IPCC 

Assessment Reports, have also been satisfactorily validated in different regions of 

the world. 

The methodology has been successfully adapted and extended to different climates 

and regions of the globe, such as Europe (Goodess et al 2011; van der Linden and 

Mitchell 2009), Central America (Ribalaygua et al., 2015) or Central Asia. This ability to 

be used for the production of future local climate scenarios in different regions is 

greatly important for demonstrating the method‘s practical applicability. 

Likewise, this practical applicability has been shown by the fact that the 

methodology developed has been used in a number of real climate change impact 

assessment projects looking at different sectors. Among others, it is worthwhile to take 

particular note of these examples, where the method was used to:  
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 Produce local climate scenarios for the assessment of the ―Influence of climate 

change on IDF curves for the metropolitan area of Barcelona (Spain)‖ (Rodríguez 

et al., 2014) 

 Produce local scenarios for the assessment of the expected changes in the 

thermal conditions and in the distribution of cold-water fish in central Spain rivers 

(Santiago et al., 2015) 

 Produce scenarios of extreme precipitation over Spain (Monjo et al., 2015). 

 Produce scenarios for the Gulf of Fonseca (Central America: Nicaragua, Honduras 

and El Salvador, Ribalaygua et al., 2015), to be used in the climate change impact 

assessment on livelihoods and food security. 
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20C3M. Control run of a climate model for the 20th century, according to the IPCC AR3 or 

AR4. 

A1. Family of future scenarios (from the SRES) corresponding to a more integrated world 

and characterized by: (1) Rapid economic growth. (2) A global population that reaches 9 

billion in 2050 and then gradually declines. (3) The quick spread of new and efficient 

technologies. (4) A convergent world - income and way of life converge between regions. 

Extensive social and cultural interactions worldwide. There are subsets to the A1 family 

based on their technological emphasis:  

A1FI - An emphasis on fossil-fuels (Fossil Intensive). 

A1B - A balanced emphasis on all energy sources. 

A1T - Emphasis on non-fossil energy sources. 

A2. Family of future scenarios (from the SRES) corresponding to a more divided world and 

characterized by: (1) A world of independently operating, self-reliant nations. (2) 

Continuously increasing population. (3) Regionally oriented economic development.  

AEMET. Agencia Estatal de Meteorología, usually translated as the Spanish State 

Meteorological Agency.  

AOGCM. Atmosphere–Ocean General Circulation Model.  

AR3. Third Assessment Report of the IPCC in 2001. See TAR. 

AR4. Fourth Assessment Report of the IPCC in 2007. 

AR5. Fifth Assessment Report of the IPCC in 2013. 

B1. Family of future scenarios (from SRES) corresponding to a world more integrated, and 

more ecologically friendly. The B1 scenarios are characterized by: (1) Rapid economic 

growth as in A1, but with rapid changes towards a service and information economy. (2) 

Population rising to 9 billion in 2050 and then declining as in A1. (3) Reductions in material 

intensity and the introduction of clean and resource efficient technologies. (3) An emphasis 

on global solutions to economic, social and environmental stability. 

B2. Family of future scenarios (from SRES) corresponding to a world more divided, but 

more ecologically friendly. The B2 scenarios are characterized by: (1) Continuously 

increasing population, but at a slower rate than in A2. (2) Emphasis on local rather than 

global solutions to economic, social and environmental stability. (3) Intermediate levels of 
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economic development. (4) Less rapid and more fragmented technological change than in 

A1 and B1. 

BCM. Bjerknes Centre for Climate Research, University of Bergen, Norway. 

BCM2. Global Climate Model developed by the BCM.  

BIAS. Mean error. It is estimated as the average of the differences between the N 

simulated values (Pi) and the N observed values (Oi): 
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Bootstrapping. Method for any statistical test based on random sampling with 

replacement. Bootstrapping makes it possible to assign measures of accuracy to sample 

estimates; e.g., the p-value of the Kolmogorov-Smirnov test (Marsaglia et al., 2003; 

Sekhon, 2010). 

CNRM. Centre National de Recherches Météorologiques (France). 

CNRM3. Global Climate Model developed by the CNRM. 

CMIP5. Coupled Model Intercomparison Project Phase 5.  

ECHAM5. Global Climate Model of the Max Plank Institute for Meteorology (Germany). 

EGMAM. The ECHO-G Middle Atmosphere Model. Climate model based on the ECHO-G 

coupled ocean atmosphere model (developed from ECHAM4/HOPE-G). The EGMAM has 

been developed by the Free University of Berlin (Freie Universität Berlin), Germany. 

ECDF. Empirical Cumulative Distribution Function.  

ECMWF. European Centre for Medium-Range Weather Forecasts. 

ENSEMBLES. Research project supported by the European Commission‘s 6th Framework 

Programme as a 5 year Integrated Project from 2004-2009 under the Thematic Sub-Priority 

―Global Change and Ecosystems‖ (contract number GOCE-CT-2003-505539). 

http://www.ensembles-eu.org/ (Niehörster et al., 2008) 

ERA40. ECMWF Re-Analysis of the global atmosphere and surface conditions for 45-

years, over the period between September 1957 and August 2002. 

GCM. Global Climate Model. Also General Circulation Model 

http://www.ensembles-eu.org/
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GHG. Greenhouse gases.  

IDF. Intensity-duration-frequency. Rainfall curves that provide information on the likelihood 

of heavy rainfall events of various amounts and durations. IDF values are critical to 

determining the appropriate design standards and management for rainwater infrastructure 

(Témez, 1978). 

IPCC. Intergovernmental Panel of Climate Change. Scientific intergovernmental body 

under the leadership of the United Nations that is responsible for coordinating scientific and 

policies activities aimed at combating climate change. 

MAE. Mean Absolute Error. It is estimated as the average of the absolute differences 

between the N simulated values (Pi) and the N observed values (Oi):  
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P-value. Statistic used for testing a statistical hypothesis. It is defined as the probability of 

obtaining a result equal to or "more extreme" than what was actually observed, assuming 

that the hypothesis under consideration is true. Before the test is performed, a threshold 

value is chosen, called the significance level of the test, traditionally 5% or 1%. 

Return period. Statistical measurement typically based on historic data denoting the 

average recurrence interval over an extended period of time, and is usually used for risk 

analysis. Its empirical value for a precipitation/temperature Xo is estimated as the inverse of 

the cumulative probability to obtain a value X equal or greater than Xo. 

PRUDENCE. Prediction of Regional scenarios and Uncertainties for Defining EuropeaN 

Climate change risks and Effects. Project EVK2-CT2001-00132 in the EU 5th Framework 

program for Energy, environment, and sustainable development (2001-2004). 

Re-analysis. Meteorological data assimilation project which aims to assimilate historical 

observational data spanning an extended period, using a single consistent assimilation (or 

"analysis") scheme throughout. Examples: the ECMWF ERA40 and the NCEP/NCAR Re-

analysis (National Centers for Environmental Prediction and National Center for 

Atmospheric Research).  

RBIAS. Relative bias. It is estimated as the sum of differences between N simulated values 

(Pi) and N observed values (Oi), divided by the sum of the observed values (Yu et al., 2006): 
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RCM. Regional Climate Model. 

RCP. Representative Concentration Pathways. Reference GHG concentration used for the 

IPCC Fifth Assessment Report (AR5).  

RMAE. Relative Mean Absolute Error. It is estimated as the sum of the absolute differences 

between the N simulated values (Pi) and the N observed values (Oi), dividing by the sum of 

the observed values (Yu et al., 2006): 
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RPS. Ranked Probability Score. The mean square error of probabilistic multi-category 

forecasts where observations are 1 (occurrence) for the observed category and 0 for all 

other categories and forecast probability may be arbitrarily distributed between all 

categories. By using cumulative probabilities (CDF), it takes into account the ordering of the 

categories. 
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SRES. Special Report on Emissions Scenarios. Report published in 2000 by the 

Intergovernmental Panel on Climate Change (IPCC). The greenhouse gas emissions 

scenarios described in the Report have been used to make projections of possible future 

climate change. The SRES scenarios, as they are often called, were used in the IPCC TAR 

(Cubasch et al., 2001) and in the IPCC AR4 (Meehl et al., 2007). In the SRES, several 

scenario families are described (A1, A2, B1 and B2).  

STARDEX. Statistical and Regional dynamical Downscaling of Extremes for European 

regions. Research project supported by the European Commission under the Fifth 

Framework Programme, Key Action "Global change, climate and biodiversity" within the 

Environment, Energy and Sustainable Development. Contract no: EVK2-CT-2001-00115. 

TAR. Third Assessment Report of the IPCC in 2001. 



 

 - 97 - 

 

 

 

 

REFERENCES 



 

 - 98 - 



References  
 
 

 - 99 - 

Abaurrea J, Asín J (2005): Forecasting local daily precipitation patterns in a climate change scenario. 

Climate Research 28:183-197 

Alexandersson H, Moberg A (1997): Homogenization of Swedish temperature data.1. Homogeneity 

test for linear trends. International Journal of Climatology 17:25-24. 

Amengual A, Romero R, Homar V, Ramis C, Alonso S. Impact of the lateral boundary conditions 

resolution on dynamical downscaling of precipitation in Mediterranean Spain. Climate Dynamics 

2007; 29:487-499 

Araújo MB, Guilhaumon F, Neto DR, Pozo I, Calmaestra R (2011): Impactos, Vulnerabilidad y 

Adaptación al Cambio Climático de la Biodiversidad Española. 2 Fauna de Vertebrados. 

Dirección general de medio Natural y Política Forestal. Ministerio de Medio Ambiente, y Medio 

Rural y Marino, Madrid. 

Balzer K (1991): Recent improvements in medium-range local weather forecasting in the Deutscher 

Wetterdienst. In: Lectures of the WMO training workshop on the interpretation of NWP products 

in terms of local weather phenomena and their verification, pp. 225-229 

Benestad RE, Hanssen-Bauer I, Forland EJ (2007): An evaluation of statistical models for 

downscaling precipitation and their ability to capture long-term trends. International Journal of 

Climatology 27:649-665. 

Beniston M. (2003): Climatic change in mountain regions: A review of possible impacts. Climatic 

Change 59:5-31. 

Brands S, Taboada JJ, Cofino AS, Sauter T, Schneider C (2011): Statistical downscaling of daily 

temperatures in the NW Iberian Peninsula from global climate models: validation and future 

scenarios. Climate Research 48:163-176. 

Briere C, Abadie S, Bretel P, Lang P (2007): Assessment of TELEMAC system performances, a 

hydrodynamic case study of Anglet, France. Coastal Engineering 54:345-356. 

Brunet M, Aguilar E, Saladíe O, Sigró J, López D (2001): The Spanish Temperature Series. Time 

variations and trends over the last 150 years. Geophysical Research Abstracts 3: GRA3 5333 76. 

Brunet M, Casado MJ, De Castro M, Galán P, López JA, Martín JM, Pastor A, Petisco E, Ramos P, 

Ribalaygua J, Rodríguez E, Sanz I, Torres L (2008): Generación de escenarios regionalizados de 

cambio climático para España. Centro de Publicaciones, Secretaría General Técnica. Ministerio 

de Medio Ambiente y Medio Rural y Marino. Spanish Meteorology Agency (AEMET) 



References  
 
 

 - 100 - 

Buerger CM, Kolditz O, Fowler HJ, Blenkinsop S (2007): Future climate scenarios and rainfall-

runoff modelling in the Upper Gallego catchment (Spain). Environmental Pollution 148:842-854. 

Bürguer G (1996): Expanded Downscaling for Generating Local Weather Scenarios. Clim Res 

7:118-28 

Capel-Molina JJ (2000): El Clima de la Península Ibérica. Ed. Ariel, Barcelona. 

Chastagnaret G, Gil-Olcina A (2006): Riesgo de inundaciones en el Mediterráneo Occidental. 

Collection de la Casa de Velásquez 95:115-130.  

Christensen JH, Carter TR, Rummukainen M, Amanatidis G (2007): Evaluating the performance and 

utility of regional climate models: the PRUDENCE project. Climate Change 81:1-6 

Collins M, Knutti R, Arblaster J, Dufresne JL, Fichefet T, Friedlingstein P, Gao X, Gutowski WJ, 

Johns T, Krinner G, Shongwe M, Tebaldi C, Weaver A,Wehner M (2013): Long-term climate 

change: projections, commitments and irreversibility. In: Climate Change 2013: The Physical 

Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the 

Intergovernmental Panel on Climate Change [Stocker TF, Qin D, Plattner GK, Tignor M, Allen 

SK, Boschung J, Nauels A, Xia Y, Bex V, Midgley PM (eds.)]. Cambridge University Press, 

Cambridge, UK and New York, NY, USA. doi:10.1017/CBO9781107415324. 

Déqué M, Piedelievre JP (1995): High resolution climate simulations over Europe. Climate 

Dynamics 11:321-339 

Déqué M, Somot S, Sanchez-Gomez E, Goodess C, Jacob D, Lenderink G, Christensen O (2011): 

The spread amongst ENSEMBLES regional scenarios: Regional climate models, driving general 

circulation models and interannual variability. Climate Dynamics 38:951-964. 

Drange H. (2006): ENSEMBLES BCCR-BCM2.0 20C3M run1, daily values. CERA database. 

World Data Center for Climate, Hamburg 2. http://cera-www.dkrz.de/. 

WDCC/ui/Entry.jsp?acronym=ENSEMBLES_BCM2_20C3. M_1_D 

Enke W, Spekat A (1997): Downscaling climate model outputs into local and regional weather 

elements by classification and regression. Climate Research 8:195-207 

Felicísimo ÁM, Muñoz J, Villalba CJ, Mateo RG (2011): Impactos, Vulnerabilidad y Adaptación al 

Cambio Climático de la Biodiversidad Española. 1 Flora y vegetación. Dirección general de 

medio Natural y Política Forestal. Oficina Española de Cambio Climático, Ministerio de Medio 

Ambiente, y Medio Rural y Marino, Madrid. 

http://cera-www.dkrz.de/


References  
 
 

 - 101 - 

Fowler HJ, Blenkinsop S, Tebaldi C (2007): Linking climate change modelling to impacts studies: 

recent advances in downscaling techniques for hydrological modelling. International Journal of 

Climatology 27:1547-1578 

Flato G, Marotzke J, Abiodun B, Braconnot P, Chou SC, Collins W, Cox P, Driouech F, Emori S, 

Eyring V, Forest C, Gleckler P, Guilyardi E, Jakob C, Kattsov V, Reason C, Rummukainen M 

(2013): Evaluation of climate models. In Climate Change 2013: The Physical Science Basis. 

Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel 

on Climate Change. T.F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Doschung, A. 

Nauels, Y. Xia, V. Bex, and P.M. Midgley, Eds. Cambridge University Press, 741-882, 

doi:10.1017/CBO9781107415324.020. 

Frias MD, Fernandez J, Saenz J, Rodriguez-Puebla C (2005): Operational predictability of monthly 

average maximum temperature over the Iberian Peninsula using DEMETER simulations and 

downscaling. Tellus Series A - Dynamic Meteorology and Oceanography 57:448-463. 

Frias MD, Herrera S, Cofino AS, Gutierrez JM (2010): Assessing the Skill of Precipitation and 

Temperature Seasonal Forecasts in Spain: Windows of Opportunity Related to ENSO Events. 

Journal of Climate 23:209-220. 

Gibergans Baguena J, Llasat MC, Martin Vide J (1995): Precipitaciones extremas en el área 

mediterránea. Riegos y drenajes XXI 11:27-34. ISSN 0213-3660 

Giorgi F, Shields Brodeur C, Bates GT (1994): Regional climate change scenarios over the United 

States produced with a nested regional climate model. Journal of Climate 7:375-399 

Giorgi F, Francisco R (2001): Uncertainties in the prediction of regional climate change. Global 

Change and Protected Areas 9:127-139 

Giorgi, F; Christensen, J; Hulme, M; Von Storch, H; Whetton, P; Jones, R; Mearns, L; Fu, C; Arritt, 

R; Bates, B; Benestad, R; Boer, G; Buishand, A; Castro, M; Chen, D; Cramer, W; Crane, R; 

Crossly, J; Dehn, M; Dethloff, K; Dippner, J; Emori, S; Francisco, R; Fyfe, J; Gerstengarbe, F; 

Gutowski, W; Gyalistras, D; Hanssen-Bauer, I; Hantel, M; Hassell, D; Heimann, D; Jack, C; 

Jacobeit, J; Kato, H; Katz, R; Kauker, F; Knutson, T; Lal, M; Landsea, C; Laprise, R; Leung, L; 

Lynch, A; May, W; McGregor, J; Miller, N; Murphy, J; Ribalaygua, J; Annette Rinke, A; 

Rummukainen, M; Semazzi, F; Walsh, K; Werner, P; Widmann, M; Wilby, R; Wild, M. (2001): 

Regional climate information-evaluation and projections. Climate Change 2001: The Scientific 

Basis. Contribution of Working Group to the Third Assessment Report of the Intergovernmental 



References  
 
 

 - 102 - 

Panel on Climate Change [Houghton, JT et al.(eds)]. Cambridge University Press, Cambridge, 

United Kingdom and New York, US (2001). 

Gonzalez-Hidalgo CJ, Brunetti M, de Luis M (2011): A new tool for monthly precipitation analysis 

in Spain: MOPREDAS database (monthly precipitation trends December 1945-November 2005). 

International Journal of Climatology 31:715-31. 

Goodess CM, Hall J, Best M, Betts R, Cabantous L, Jones PD, Kilsby CG, Pearman A, Wallace CJ 

(2007): Climate Scenarios and Decision Making Under Uncertainty. Built Environment 33:10-

30. 

Goodess CM, Anagnostopoulou C, Bárdossy A, Frei C, Harpham C, Haylock MR, Hundecha Y, 

Maheras P, Ribalaygua J, Schmidli J, Schmith T, Tolika K, Tomozeiu R, Wilby RL (2011): An 

intercomparison of statistical downscaling methods for Europe and European regions—assessing 

their performance with respect to extreme temperature and precipitation events. Climatic 

Research Unit Research Publication (CRURP) N.11, University of East Anglia, UK. 

http://www.cru.uea.ac.uk/cru/pubs/crurp/CRU_RP11.pdf 

Hamill TM (1999): Hypothesis Tests for Evaluating Numerical Precipitation Forecasts. Weather and 

Forecasting 14:155–167 

Herrmann JM (2008) Relevance of ERA40 dynamical downscaling for modelling deep convection in 

the Mediterranean Sea. Geophys Res Let 35:L04607 

Hersbach H (2000): Decomposition of the Continuous Ranked Probability Score for Ensemble 

Prediction Systems. Weather and Forecasting 15:559–570. 

Hervada-Sala C, Pawlowsky-Glahn V, Jarauta-Bragulat E (2000): A statistical method to downscale 

temperature forecasts. A case study in Catalonia. Meteorological Applications 7:75-82. 

Hewitson BC, Crane RG (eds) (1994): Neural nets applications in geography. Kluwer Academic 

Publishers. Dordrecht. 

Holton J (2004): An Introduction to Dynamic Meteorology, fourth ed. Academic Press, New York, 

535 pp. 

Hu H, Oglesby RJ, Marshall S (2005): The Simulation of Moisture Processes in Climate Models and 

Climate Sensitivity. Journal of Climate 18:2172–2193. DOI: 10.1175/JCLI3384.1. 

http://www.cru.uea.ac.uk/cru/pubs/crurp/CRU_RP11.pdf


References  
 
 

 - 103 - 

Huebener H, Kerschgens M (2007): Downscaling of current and future rainfall climatologies for 

southern Morocco. Part I: Downscaling method and current climatology. International Journal of 

Climatology 27:1763-74. 

Huebener H, Cubasch U, Langematz U, Spangehl T, Niehörster F, Fast I, Kunze M (2007): 

Ensemble climate simulations using a fully coupled ocean–troposphere–stratosphere general 

circulation model. Philosophical Transactions of the Royal Society A 365:2089–210. 

DOI:10.1098/rsta.2007.2078. 

Hurrell J, Meehl GA, Bader D, Delworth TL, Kirtman B, Wielicki B (2009): A unified modelling 

approach to climate system prediction. Bulletin American Meteorology Society 90:1819–1832.  

Imbert A, Benestad R (2005) An improvement of analog model strategy for more reliable local 

climate change scenarios. Theoretical and Applied Climatolology 82:245–255. 

DOI:10.1007/s00704-005-0133-4. 

IPCC (2007): Impacts, Adaptation and Vulnerability Contribution of Working Group II to the Fourth 

Assessment Report of the IPCC, M. L. Parry, O.F. Canziani, J.P. Palutikof, P.J. van der Linden 

and C.E. Hanson, Eds, Cambridge University Press. 

IPCC (2014): Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III 

to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing 

Team, R.K. Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva, Switzerland 

Jansa A, Genoves A, Garcia-Moya JA (2000): Western Mediterranean cyclones and heavy rain. Part 

1: Numerical experiment concerning the Piedmont flood case. Meteorological Applications 7: 

323-333. 

John VO, Soden BJ (2007):Temperature and humidity biases in global climate models and their 

impact on climate feedbacks. Geophysical Research Letters 34:L18704, 

doi:10.1029/2007GL030429 

Jones RG, Murphy JM, Noguer M, Keen B (1997): Simulation of climate change over Europe using 

a nested regional-climate model. II: Comparison of driving and regional model responses to a 

doubling of carbon dioxide. Quarterly Journal Royal Meteorological Society 123:265-292 

van der Linden and C.E. Hanson, Eds, Cambridge University Press. 2007 

Jakob C (2010): Accelerating progress in Global Atmospheric Model development through improved 

parameterizations: Challenges, opportunities, and strategies. Bulletin American Meteorology 



References  
 
 

 - 104 - 

Society 91:869–875. 

Jiang X, Yang Z-L (2012): Projected changes of temperature and precipitation in Texas from 

downscaled global climate models. Climate Research 53:229-244. 

Jones RG, Murphy JM, Noguer M, Keen AB (1997): Simulation of climate change over Europe 

using a nested regional-climate model. 2. Comparison of driving and regional model responses to 

a doubling of carbon dioxide. Quarterly Journal of the Royal Meteorological Society 123:265-92. 

Kattenberg A (1996): Amer Meteorol SOC. Climate models: Projections of future climate. Seventh 

Symposium on Global Change Studies:22-29. 

Kattenberg A., Giorgi F, Grassl H, Meehl GA, Mitchell JFB, Stouffer RJ, Tokioka T, Weaver AJ, 

Wigley TML (1996): Climate Models - Projections of Future Climate. In: Houghton, J.T., L.G.M. 

Filho, B.A. Callandar, N. Harris, A. Kattenberg, and K. Maskell (eds). 1996. Climate Change 

1995: The Science of Climate Change. Contribution of Working Group 1 to the Second 

Assessment Report of the Intergovernmental Panel on Climate Change. p. 285-357. Cambridge 

University Press, New York, 572 pp. 

Kruizinga S, Murphy AH (1983): Use of an Analogue procedure to formulate objective probabilistic 

temperature forecasts in the Netherlands. Mon Wea Rev 111:2245-2254 

Lazier JR, Pickart RS, Rhines PB (2001): Deep convection. In: Lazier (ed) Ocean Circulation and 

Climate. Observing and Modelling the Global Ocean. London: Academic Press. 

Liu L, Hong Y, Hocker JE, Shafer MA, Carter LM, Gourley JJ, et al. (2012): Analyzing projected 

changes and trends of temperature and precipitation in the southern USA from 16 downscaled 

global climate models. Theoretical and Applied Climatology 109:345-360. 

Lopez-Bustins JA, Martin-Vide J, Sanchez-Lorenzo A (2008) Iberia winter rainfall trends based 

upon changes in teleconnection and circulation patterns. Global and Planetary Change 63:171–

176. 

López F, Cabrera M, Cuadrat JM (2007): Atlas Climático de Aragón. First edition. Spain: J. Factory. 

Lopez-Moreno JI, Beniston M, Garcia-Ruiz JM (2008): Environmental change and water 

management in the Pyrenees: Facts and future perspectives for Mediterranean mountains. Global 

and Planetary Change 61:300-312. 

Marsaglia G, Tsang WW, Wang J (2003): Evaluating Kolmogorov's distribution. Journal of 

Statistical Software 8:18. 



References  
 
 

 - 105 - 

Martin E, Timbal B, Brun E (1997): Downscaling of general circulation model outputs simulation of 

the snow climatology of the French Alps and sensitivity to climate change. Climate Dynamics 

13:45-56. 

Martín-Vide J (2004): Spatial distribution of a daily precipitation concentration index in peninsular 

Spain. International Journal of Climatology 24: 959-971. 

Matulla C, Zhang X, Wang XL, Wang J, Zorita JE, Wagner S, von Storch H (2008): Influence of 

similarity measures on the performance of the analog method for downscaling daily precipitation. 

Climate Dynamics 30:133-144 

McBride JL, Ebert EE (2000): Verification of quantitative precipitation forecasts from operational 

numerical weather prediction models over Australia. Weather and Forecasting 15:103–121. 

Monjo R, Gaitán E, Pórtoles J, Ribalaygua J, Torres L (2015): Changes in extreme precipitation over 

Spain using statistical downscaling of CMIP5 projections. International Journal of Climatology. 

DOI: 10.1002/joc.4380. 

Murphy J (1999): An evaluation of statistical and dynamical techniques for downscaling local 

climate. Journal of Climate 12:2256-2284 

Niehörster F (2008): ENSEMBLES EGMAM 20C3M run1, daily values. CERA database. World 

Data Center for Climate, Hamburg. http://cera-

www.dkrz.de/WDCC/ui/Compact.jsp?acronym=ENSEMBLES_FUBEMA_20C3M_1_D. 

Palatella L, Miglietta MM, Paradisi P, Lionello P. (2010): Climate change assessment for 

Mediterranean agricultural areas by statistical downscaling. Natural Hazards and Earth System 

Sciences 10:1647-61. 

Peterson TC, Easterling DR, Karl TR, Groisman P, Nicholls N, Plummer N, et al. (1998): 

Homogeneity adjustments of in situ atmospheric climate data: A review. International Journal of 

Climatology 18:1493-1517. 

Pons NR, San-Martin D, Herrera S, Gutierrez JM (2010): Snow trends in Northern Spain: analysis 

and simulation with statistical downscaling methods. International Journal of Climatology 

30:1795-1806. 

R Development Core Team (2010): R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL 

http://www.R-project.org. Accessed 6 July 2011 



References  
 
 

 - 106 - 

Räisänen J. (2007): How reliable are climate models? Tellus A 59: 2–29. DOI: 10.1111/j.1600-

0870.2006.00211.x 

Randall DA, et al. (2007): Climate models and their evaluation. In: Climate Change 2007: The 

Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. 

Marquis, K. B. Averyt, M. Tignor and H. L. Miller (eds.)] Cambridge University Press, 

Cambridge, United Kingdom and New York, NY, USA, pp. 589–662. 

Ribalaygua J, Torres L, Pórtoles J, Monjo R, Gaitán E, Pino MR (2013a): Description and validation 

of a two-step analogue/regression downscaling method. Theoretical and Applied Climatology 

114:253-269. DOI 10.1007/s00704-013-0836-x 

Ribalaygua J, Pino MR, Pórtoles J, Roldán E, Gaitán E, Chinarro D, Torres L (2013b): Climate 

change scenarios for temperature and precipitation in Aragón (Spain). Science of The Total 

Environment 463–464: 1015-1030. DOI: 10.1016/j.scitotenv.2013.06.089. 

Ribalaygua J, Gaitán E, Pórtoles E, Monjo R (2015): Climatic change on the Gulf of Fonseca 

(Central America) using two-step statistical downscaling and CMIP5 climate models. 

International Journal of Climatology. ID: JOC-15-0611 (in review). 

Rodríguez R, Navarro X, Casas MC, Ribalaygua J, Russo B, Pouget L, Redaño A. (2014): Influence 

of climate change on IDF curves for the metropolitan area of Barcelona (Spain). International 

Journal of Climatology 34:643-654. DOI: 10.1002/joc.3712. 

Roeckner E, Brokopf R, Esch M, Giorgetta M, Hagemann S, Kornblueh L, et al. (2006): Sensitivity 

of simulated climate to horizontal and vertical resolution in the ECHAM5 atmosphere model. 

Journal of Climate 19:3771-3791. 

Royer DL, Berner RA, Park J (2007): Climate sensitivity constrained by CO2 concentrations over 

the past 420 million years. Nature 2007; 446:530-32. 

Santiago JM, García de Jalón D, Alonso C, Solana J, Ribalaygua J, Pórtoles J, Monjo R (2015): 

Brown trout thermal niche and climate change: expected changes in the distribution of cold-water 

fish in central Spain. Ecohydrology. doi: 10.1002/eco.1653.  

Sekhon JS (2010): Matching: Multivariate and Propensity Score Matching with Balance 

Optimization. R package version 4.7-11. URL http://CRAN.R-project.org/package=Matching. 

Accessed 6 July 2011 

http://cran.r-project.org/package=Matching


References  
 
 

 - 107 - 

Scholz FW, Stephens MA (1987): K-sample Anderson-Darling Tests, Journal of the American 

Statistical Association 399: 918–924. 

Schroter D, Cramer W, Leemans R, Prentice IC, Araujo MB, Arnell NW, et al. (2005): Ecosystem 

service supply and vulnerability to global change in Europe. Science 310:1333-1337. 

Shepard, D. (1968): A two-dimensional interpolation function for irregularly-spaced data. Proc. 23rd 

National Conference ACM, ACM DOI: 10.1145/800186.810616:517-524. 

Stauffer DR, Seaman NL (1990) Use of four-dimensional data assimilation in a limited-area 

mesoscale model. Part I: Experiments with synoptic-scale data. Monthly Weather Review 118: 

1250-1277. 

Taylor KE, Stouffer RJ, Meehl GA (2009): A summary of the CMIP5 experiment design. PCDMI 

Rep. http://cmip-pcmdi.llnl.gov/cmip5/docs/Taylor_CMIP5_design.pdf (accessed 10th April 

2015). 

Taylor KE, Stouffer RJ, Meehl GA (2012): An overview of CMIP5 and the experiment design. 

Bulletin of the American Meteorological Society 93:485–498. doi:10.1175/BAMS-D-11-00094.1. 

Trigo RM, Palutikof JP (2001): Precipitation scenarios over Iberia: A comparison between direct 

GCM output and different downscaling techniques. Journal of Climate 14:4422-4446. 

Turco M, Quintana-Segui P, Llasat MC, Herrera S, Gutierrez JM (2011): Testing MOS precipitation 

downscaling for ENSEMBLES regional climate models over Spain. Journal of Geophysical 

Research-Atmospheres 116: DOI: 10.1029/2011JD016166. 

van der Linden P, Mitchell JFB (eds) (2009): ENSEMBLES: Climate change and its impacts: 

summary of research and results from the ENSEMBLES project. Met Office Hadley 

Centre,UK,160pp.  

http://ensembles-eu.metoffice.com/docs/Ensembles_final_report_Nov09.pdf. 

Vincent LA, Gullett DW (1999): Canadian historical and homogeneous temperature datasets for 

climate change analyses. International Journal of Climatology 19:1375-1388. 

von Storch V (1994): Inconsistencies at the interface of climate impact studies and global climate 

research. Max Planck Institute for Meteorology Technical Report 122. 

von Storch H, Zorita E, Cubasch U (1993): Downscaling of global climate-change estimates to 

regional scales - an application to Iberian rainfall in wintertime. Journal of Climate 6:1161-1171. 



References  
 
 

 - 108 - 

Weigel AP, Liniger MA, Appenzelle C (2006): The Discrete Brier and Ranked Probability Skill 

Scores. Monthly Weather Review 118:135-124. 

Wilby RL, Wigley TML (1997) Downscaling general circulation model output: a review of methods 

and limitations. Progress in Physical Geography 21:530-548. 

Wilby RL, Wedgbrow CS, Fox HR (2004): Seasonal predictability of the summer hydrometeorology 

of the River Thames, UK. Journal of Hydrology 295:1-16. 

Wilks DS (2005) Statistical Methods in the Atmospheric Sciences Chapter 7, San Diego: Academic 

Press. 

Woodcock F (1980) On the use of analogues to improve regression forecasts. Monthly Weather 

Review 108:292-297. 

Xu H, Corte-Real J, Qian B (2007): Developing daily precipitation scenarios for climate change 

impact studies in the Guadiana and the Tejo basins. Hydrology and Earth System Sciences 

11:1161-73. 

Yu S, Eder B, Dennis R, Chu S-H, Schwartz SE (2006) New unbiased symmetric metrics for 

evaluation of air quality models. Atmospheric Science Letters 7:26-34. 

Zorita E, von Storch H (1999). The analog method as a simple statistical downscaling technique: 

Comparison with more complicated methods. Journal of Climate 12:2474-89. 

Zorita E, Hughes J, Lettenmaier D, Storch Hv (1993): Stochastic downscaling of regional circulation 

patterns for climate model diagnosis and estimation of local precipitation. Max Planck Institute 

for Meteorology Technical Report 109. 


