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ABSTRACT 

Changes in viticulture, especially in the positioning of vineyards and the introduction of 

new grape varieties, are becoming a reality. Vine is highly sensitive to changes in the 

climate, particularly temperature changes, which can be reflected in the shift of 

phenological stages leading to differences in the wine’s characteristics. These alterations 

clearly show the recent impact of climate change in viticulture. Moreover, recent 

climate change developments have affected irrigation and water management in 

viticulture worldwide, which will have to adapt in order to maintain yield quality and 

quantity in the future. The spatial-variability of climate conditions has been observed in 

viticultural areas all over the world in order to gain more data about historical and future 

climate conditions. Numerous analyses have been conducted concerning climate change 

in viticulture at a regional scale, however, only a few were made addressing the impact 

of climate change on viticulture at a local scale, such as this thesis. For a thorough and 

accurate assessment of viticultural potential, which is determined by relief, soil, climate 

and lithology, analysis needs to be undertaken at a local scale. In viticulture, the analysis 

of the viticultural potential of an area is essential for the purpose of collecting the 

necessary data for viticultural zoning. Using this data, greater yield quality can be 

achieved, which is the most important criteria in viticulture.  

The purpose of this research is to provide a spatial-temporal assessment of climate 

change during the last five decades along with future scenarios, and its impact on 

viticulture in two viticultural regions: Valencia DO (39° 37'10" N, 0° 36'2" W) located in 

eastern Spain and Goriška Brda in western Slovenia (46° 0' 19" N, 13° 32' 42" E). Both 

study sites are located less than 70 km from the Mediterranean coast and share similar 

topographical characteristics. It was used the meteorological and soil parameters 

retrieved from selected weather stations, with future climate models, under RCP4.5 and 

RCP8.5 scenarios, using Worldclim and Euro-Cordex datasets. The spatial-temporal 

study was conducted by using three bioclimatic indices: the Huglin Index, the Winkler 

Index and the Dryness index, and suggests the most conducive grape varieties in terms 

of production and quality according to the local climate conditions. Moreover, the future 

water requirements (WR) was assessed for Tempranillo, Bobal and Moscatel in Valencia 

DO by using the Blaney-Criddle evapotranspiration method. In Goriška Brda, were 

chosen 14 environmental factors, representing relief, climate and soil of the viticulture 

area, which were used to determine the homogeneous viticultural zones. Each 

homogeneous viticultural zone was described in terms of its viticultural potential, which 

expresses the types of wine that can be produced according to its ecological suitability. 

The spatial distributions of the environmental parameters were achieved by using a GIS-

based multi-criteria methodology. 

The temperature, evapotranspiration and bioclimatic indices trends have been growing 

during the observation period in both study sites and are estimated to rise in the future, 

according to elaborated climate models. The climatic parameters indicated high spatial-

temporal variability: the temperature rise was higher in the areas with less sea influence 

i.e. areas further away from the Mediterranean Sea. Nevertheless, a higher temperature 
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increase is expected in Valencia DO, comparing to Goriška Brda. The average 

temperature in the projected period 2071-2100, compared to the reference period 

1985-2014, indicated an increase of 2.16°C (RCP4.5) and 3.95°C (RCP8.5) in Goriška Brda 

and 1.27°C (RCP4.5) and 3.02°C (RCP8.5) in Valencia DO. The precipitation trend 

demonstrated almost no difference by 2100 in the Goriška Brda site, in contrast to the 

Valencia DO site, showing a negative trend: up to 83.5 mm under the RCP8.5 scenario. 

The assessment of viticultural potential in Goriška Brda in section 2.11 of this thesis, 

defined three zones with differing viticultural potential, therefore indicating the types 

of wine that can be produced: (i) a zone suitable for quality white wines and red table 

wines; (ii) a zone suitable for quality white wines; and (iii) a zone suitable for sparkling 

and white table wines and wines for distillates. These zones make up the map of 

viticultural potential of the Goriška Brda study site. The south-western area, closer to 

the Mediterranean Sea, was defined as mainly suitable for the production of quality 

white wines. Whereas the north-eastern part, was defined as suitable for the production 

of mainly white table wines, sparkling wines and wines for distillates. In Valencia DO, the 

most vulnerable grape varieties of those studied are the Bobal and Tempranillo, which 

will face an increase of WR up to 82 mm (Bobal variety, maximum production) during 

the growing season. Considering annual precipitation in Valencia is about 424 mm, the 

future WR will have an important impact on water consumption for irrigation. However, 

the Moscatel variety, the most famous grape variety in Valencia DO, will face a smaller 

WR increase in the future: about 50% less, compared to the Tempranillo variety.  

Adaptation in viticulture is essential and should be based on future climate models. 

Future environmental conditions favour Goriška Brda, in the context of favourable 

climate conditions for viticulture, compared to Valencia DO. On the other hand, wine 

growers in Valencia DO should start planning to strategically change the location of 

vineyards, preferably closer to the coast of the Mediterranean Sea or to areas with 

higher altitudes, to mitigate the undesirable future climate conditions for vine growing. 

By following presented adaptation strategies and suggestions, there are high 

probabilities to increase the competitiveness of both vine-growing regions in the future 

and increase a boost in the wine economy at a regional and national level.  
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RESUMEN 

Los cambios en la viticultura, especialmente en el cambio de localización de los viñedos 

y la introducción de nuevas variedades de uva, se están convirtiendo en una realidad. La 

vid es muy sensible al clima, particularmente a los cambios de temperatura, que se 

pueden reflejar en los cambios de las etapas fenológicas y en las diferencias en las 

características del vino, que muestran claramente el impacto reciente del cambio 

climático en la viticultura. Además, los nuevos escenarios de cambio climático han 

afectado a la gestión del agua en la viticultura en todo el mundo, que deberán adaptarse 

para mantener la calidad y cantidad de la producción en el futuro. La variabilidad 

espacial de las variables climáticas se ha observado en áreas vitivinícolas de todo el 

mundo para obtener más datos sobre las condiciones climáticas históricas y futuras. Se 

realizaron numerosos análisis sobre el cambio climático en la viticultura a escalas 

regionales. Sin embargo, solo unos pocos abordaron el impacto del cambio climático en 

la viticultura a escala local, como los desarrollados esta tesis. El uso de la escala local es 

crucial para la evaluación del potencial vitícola que está determinado por el relieve, el 

suelo y el clima. El análisis del potencial vitícola es esencial para recopilar los datos 

necesarios para una apropiada zonificación. Usando estos datos, podemos lograr una 

mayor calidad de la vid, que es el criterio más importante en la viticultura. 

El propósito de esta investigación es proporcionar la evaluación espacio temporal del 

clima durante las últimas cinco décadas y los escenarios futuros, junto con su impacto 

en la viticultura en dos regiones vitivinícolas: Valencia DO (39° 37' 10 "N, 0° 36' 2" W) la 

cual está ubicada en el este de España y Goriška Brda en el oeste de Eslovenia (46° 0' 

19" N, 13° 32' 42" E). Ambas zonas de estudio se encuentran a menos de 70 km de la 

costa mediterránea y comparten características topográficas similares. Para ello se han 

utilizado los parámetros meteorológicos y edafológicos, recuperados de estaciones 

meteorológicas seleccionadas, junto con los modelos climáticos futuros, bajo los 

escenarios RCP4.5 y RCP8.5, utilizando los conjuntos de datos de Worldclim y Euro-

Cordex. El estudio espacial y temporal se realizó utilizando los índices bioclimáticos de 

Huglin, Winkler y Dryness, sugiriendo las variedades de uva más propicias en términos 

de producción y calidad según las condiciones del clima local. Además, se evaluó las 

futuras necesidades de agua (WR) para Tempranillo, Bobal y Moscatel en la DO Valencia 

mediante el uso del método de evapotranspiración de Blaney-Criddle. En Goriška Brda, 

se eligieron catorce factores ambientales, que representan relieve, el clima y el suelo 

del área de viticultura, que se utilizaron para determinar zonas vitícolas homogéneas. 

Cada zona vitivinícola homogénea se describió en términos de su potencial vitícola, que 

expresa los tipos de vino que se pueden producir según su idoneidad ecológica. Las 

distribuciones espaciales de los parámetros ambientales se lograron utilizando la 

metodología multicriterio utilizando para su procesado las herramientas suministradas 

por los Sistemas de Información Geográfica. 

Las series de datos de temperatura, evapotranspiración y bioclimáticos han estado 

creciendo durante el período de observación en ambos sitios de estudio y se estima que 

aumentarán en el futuro, según los modelos climáticos elaborados. Los parámetros 
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climáticos indicaron una alta variabilidad espacial-temporal: el aumento de la 

temperatura fue mayor en las áreas más alejadas del mar Mediterráneo, con menos 

influencia del mar. Sin embargo, se espera un mayor aumento de la temperatura en 

Valencia DO. La temperatura promedio en el período proyectado 2071-2100 en 

comparación con el período de referencia 1985-2014 indicó el aumento de 2.16°C 

(RCP4.5) y 3.95°C (RCP8.5) en Goriška Brda y 1.27°C (RCP4.5) y 3.02°C (RCP8.5) en 

Valencia DO. La tendencia de precipitación casi no mostró diferencias hasta 2100 en 

Goriška Brda en contraste con el sitio de Valencia DO, mostrando una tendencia 

negativa: hasta 83.5 mm en el escenario RCP8.5. Según el potencial vitivinícola en 

Goriška Brda, se definieron tres zonas con diferentes potenciales vitivinícolas, que 

indican los tipos de vinos que pueden producirse: una zona adecuada para vinos blancos 

de calidad y vinos tintos de mesa; una zona apta para vinos blancos de calidad; una zona 

apta para vinos espumosos y blancos de mesa y vinos para destilados. Estas zonas 

conforman el mapa de potencial vitivinícola del sitio de estudio Goriška Brda. La zona 

suroeste, más cercana al mar Mediterráneo, se definió como principalmente adecuada 

para producir vinos blancos de calidad. Sin embargo, la parte noreste se definió como 

adecuada para la producción de principalmente vinos de mesa blancos, vinos 

espumosos y vinos para destilados.  

Las variedades de uvas estudiadas más vulnerables en Valencia DO son Bobal y 

Tempranillo, que se enfrentarán a un aumento de WR hasta 82 mm (variedad Bobal, 

producción máxima) durante la temporada de crecimiento. Considerando la 

precipitación anual en Valencia (424 mm), las nuevas demandas hídricas presentarán un 

impacto importante en el consumo de agua para riego. Sin embargo, la variedad 

Moscatel, la variedad de uva más famosa en la DO de Valencia, se enfrentará un menor 

aumento de WR en el futuro: aproximadamente un 50% menos, en comparación con la 

variedad Tempratnillo. 

La adaptación al cambio climático en viticultura es esencial. Las condiciones ambientales 

futuras perjudican meno a Goriška Brda en un contexto de condiciones climáticas 

favorables para la viticultura, en comparación con Valencia DO. Por otro lado, los 

viticultores de Valencia DO deben comenzar a planificar para cambiar estratégicamente 

la ubicación de los viñedos, preferiblemente más cerca de la costa mediterránea o en 

áreas con mayores altitudes, para mitigar las condiciones climáticas futuras indeseables 

para la viticultura. Al seguir las estrategias y sugerencias de adaptación presentadas, 

existen altas probabilidades de aumentar la competitividad de ambas regiones 

vitivinícolas en el futuro y de impulsar una economía vitivinícola a nivel regional y 

nacional. 
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RÉSUMÉ 

Les changements dans la viticulture, notamment dans le positionnement des vignobles 

et l'introduction de nouveaux cépages, deviennent une réalité. La vigne est très sensible 

aux changements climatiques, en particulier aux changements de température, qui 

peuvent se refléter dans le changement des stades phénologiques conduisant à des 

différences dans les caractéristiques du vin. Ces modifications montrent clairement 

l'impact récent du changement climatique sur la viticulture. De plus, l'évolution récente 

du changement climatique a impacté l’irrigation et la gestion de l'eau en viticulture dans 

le monde entier. La viticulture devra ainsi s'adapter pour maintenir la qualité et la 

quantité de rendement. La variabilité spatiale des conditions climatiques a été observée 

dans les zones viticoles du monde entier afin d'obtenir plus de données sur les 

conditions climatiques historiques et futures. De nombreuses analyses ont été menées 

concernant le changement climatique en viticulture à l'échelle régionale. Cependant, 

seules quelques-unes ont été réalisées sur l'impact du changement climatique sur la 

viticulture à l'échelle locale, comme le fait cette thèse. Pour une évaluation approfondie 

et précise du potentiel viticole, qui est déterminé par le relief, le sol, le climat et la 

lithologie, une analyse doit être réalisée à l'échelle locale. En viticulture, l'analyse du 

potentiel viticole d'une région est essentielle pour recueillir les données nécessaires au 

zonage viticole. En utilisant ces données, il est possible d’obtenir une meilleure qualité 

de rendement, critère primordial de la viticulture. 

Le but de cette recherche est de fournir une évaluation spatio-temporelle du 

changement climatique passé, au cours des cinq dernières décennies, et futur, par le 

développement de scénarios et d’estimer son impact sur la viticulture dans deux régions 

viticoles : Valence DO (39° 37'10 "N, 0° 36 '2 "W) situé dans l'est de l'Espagne et Goriška 

Brda dans l'ouest de la Slovénie (46° 19' 19" N, 13° 32 '42 "E). Les deux sites d'étude sont 

situés à moins de 70 km de la côte méditerranéenne et partagent des caractéristiques 

topographiques similaires. Des paramètres météorologiques et de sol extraits des 

stations météorologiques sélectionnées, ont été utilisés, de pair avec les futurs modèles 

climatiques, basés sur les scénarios RCP4.5 et RCP8.5, à l'aide des jeux de données 

Worldclim et Euro-Cordex. L'étude spatio-temporelle a été réalisée à l'aide de trois 

indices bioclimatiques : l'indice de Huglin, l'indice de Winkler et l'indice de sécheresse, 

et suggère les cépages les plus favorables en termes de production et de qualité en 

fonction des conditions climatiques locales. De plus, les besoins futurs en eau (WR) ont 

été évalués pour Tempranillo, Bobal et Moscatel à Valence DO par la méthode 

d'évapotranspiration de Blaney-Criddle. À Goriška Brda, 14 facteurs environnementaux 

représentant le relief, le climat et le sol de la zone viticole ont été choisis pour 

déterminer les zones viticoles homogènes. Chaque zone viticole homogène a été décrite 

en termes de potentiel viticole, qui exprime les types de vin pouvant être produits en 

fonction de leur adéquation écologique. Les distributions spatiales des paramètres 

environnementaux ont été obtenues en utilisant une méthodologie multicritère basée 

sur les SIG. 
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Les températures, l'évapotranspiration et les indices bioclimatiques ont augmenté au 

cours de la période d'observation dans les deux sites d'étude et devraient augmenter à 

l'avenir, selon des modèles climatiques élaborés. Les paramètres climatiques 

démontrent une forte variabilité spatio-temporelle : la hausse des températures a été 

plus élevée dans les zones moins influencées par la mer, c’est-à-dire les zones plus 

éloignées de la mer Méditerranée. Néanmoins, une plus forte augmentation des 

températures est attendue à Valence DO par rapport à Goriška Brda. Les températures 

moyennes attendues pour la période de projection 2071-2100, comparée à la période 

de référence 1985-2014, démontrent une augmentation de 2.16°C (RCP 4.5) et de 

3.95°C (RCP8.5) à Goriška Brda et de 1.27°C (RCP4.5) et 3.02°C (RCP8.5) à Valence. Les 

précipitations attendues ne révèlent pratiquement aucune différence d'ici 2100 sur le 

site de Goriška Brda, contrairement au site de Valence DO, qui affiche une tendance 

négative : jusqu'à 83.5 mm dans le scénario RCP8.5. L’évaluation du potentiel viticole à 

Goriška Brda dans la section 2.11 de cette thèse a permis de définir trois zones 

différentes de potentiel viticole, indiquant les types de vin pouvant y être produits : (i) 

une zone propice aux les vins blancs de qualité et aux vins de table rouges ; ii) une zone 

propice aux vins blancs de qualité ; et iii) une zone propice aux vins de table mousseux 

et blancs et aux vins de distillats. Ces zones constituent la carte du potentiel viticole du 

site d'étude de Goriška Brda. La zone sud-ouest, plus proche de la mer Méditerranée, se 

définit comme étant principalement adaptée à la production de vins blancs de qualité. 

Alors que la partie nord-est se définit comme étant appropriée à la production de vins 

de table, de vins mousseux et de vins de distillation blancs. À Valence DO, les cépages 

les plus vulnérables parmi ceux étudiés sont le Bobal et le Tempranillo, qui feront face à 

une augmentation du BE pouvant atteindre 82 mm (cépage Bobal, production 

maximale) pendant la saison de croissance. Étant donné que les précipitations annuelles 

à Valencia sont d’environ 424 mm, le futur BE aura un impact important sur la 

consommation d’eau pour l’irrigation. Cependant, le cépage Moscatel, le cépage le plus 

célèbre de Valence DO, fera face à une augmentation plus faible de la BE à l'avenir : 

environ 50% de moins par rapport à la variété Tempranillo. 

L'adaptation en viticulture est essentielle et devrait être basée sur les modèles 

climatiques futurs. Les conditions environnementales futures favorisent Goriška Brda, 

en termes de conditions climatiques favorables à la viticulture, par rapport à Valence 

DO. D'autre part, les viticulteurs de Valence DO devraient commencer à planifier la 

modification stratégique de l'emplacement des vignobles, de préférence plus près des 

côtes de la mer Méditerranée ou dans des zones de plus haute altitude, afin d'atténuer 

les conditions climatiques indésirables pour la viticulture. Suivre les stratégies et 

suggestions d'adaptation présentées rend fort possible l’augmentation de la 

compétitivité des deux régions viticoles à l'avenir et la stimulation de l'économie du vin 

aux niveaux régional et national. 
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RESUM 

Els canvis en la viticultura, especialment en el canvi de localització de les vinyes i la 

introducció de noves varietats de raïm, s'estan convertint en una realitat. La vinya és 

molt sensible al clima, particularment als canvis de temperatura, que es poden reflectir 

en els canvis de les etapes fenològiques i en les diferències en les característiques del vi, 

que mostren clarament l'impacte recent del canvi climàtic en la viticultura. A més, els 

nous escenaris de canvi climàtic han afectat la gestió de l'aigua en la viticultura a tot el 

món, que hauran d'adaptar-se per a mantenir la qualitat i quantitat de la producció en 

el futur. La variabilitat espacial de les variables climàtiques s'ha observat en àrees 

vitivinícoles de tot el món per a obtenir més dades sobre les condicions climàtiques 

històriques i futures. Es van realitzar nombroses anàlisis sobre el canvi climàtic en la 

viticultura a escales regionals. No obstant això, només uns pocs van abordar l'impacte 

del canvi climàtic en la viticultura a escala local, com els desenvolupats aquesta tesi. L'ús 

de l'escala local és crucial per a l'avaluació del potencial vitícola que està determinat pel 

relleu, el sòl i el clima. L'anàlisi del potencial vitícola és essencial per a recopilar les dades 

necessàries per a una apropiada zonificació. Usant aquestes dades, podem aconseguir 

una major qualitat de la vinya, que és el criteri més important en la viticultura. 

El propòsit d'aquesta investigació és proporcionar l'avaluació espai temporal del clima 

durant les últimes cinc dècades i els escenaris futurs, juntament amb el seu impacte en 

la viticultura en dues regions vitivinícoles: València DO (39° 37' 10 "N, 0° 36' 2" W) la 

qual està situada en l'est d'Espanya i Goriška Brda en l'oest d'Eslovènia (46° 0' 19" N, 13° 

32' 42" E). Totes dues zones d'estudi es troben a menys de 70 km de la costa 

mediterrània i comparteixen característiques topogràfiques similars. Per a això s'han 

utilitzat els paràmetres meteorològics i edafològics, recuperats d'estacions 

meteorològiques seleccionades, juntament amb els models climàtics futurs, sota els 

escenaris RCP4.5 i RCP8.5, utilitzant els conjunts de dades de Worldclim i Euro-Cordex. 

L'estudi espacial i temporal es va realitzar utilitzant els índexs bioclimàtics 

de Huglin, Winkler i Dryness, suggerint les varietats de raïm més propícies en termes de 

producció i qualitat segons les condicions del clima local. A més, es va avaluar les futures 

necessitats d'aigua (WR) per a Ull de llebre, Boval i Moscatell en la DO València 

mitjançant l'ús del mètode de evapotranspiració de Blaney-Criddle. En Goriška Brda, es 

van triar catorze factors ambientals, que representen relleu, el clima i el sòl de l'àrea de 

viticultura, que es van utilitzar per a determinar zones vitícoles homogènies. Cada zona 

vitivinícola homogènia es va descriure en termes del seu potencial vitícola, que expressa 

els tipus de vi que es poden produir segons la seua idoneïtat ecològica. Les distribucions 

espacials dels paràmetres ambientals es van aconseguir utilitzant la metodologia 

multicriteri utilitzant per al seu processament les eines subministrades pels Sistemes 

d'Informació Geogràfica. 

Les sèries de dades de temperatura, evapotranspiració i bioclimàtics han estat creixent 

durant el període d'observació en tots dos llocs d'estudi i s'estima que augmentaran en 

el futur, segons els models climàtics elaborats. Els paràmetres climàtics van indicar una 

alta variabilitat espacial-temporal: l'augment de la temperatura va ser major en les àrees 
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més allunyades del mar Mediterrani, amb menys influència del mar. No obstant això, 

s'espera un major augment de la temperatura a València DO. La temperatura mitjana 

en el període projectat 2071-2100 en comparació amb el període de referència 1985-

2014 va indicar l'augment d'2.16 °C (RCP4.5) i 3.95 °C (RCP8.5) en Goriška Brda i 1.27 °C 

(RCP4.5) i 3.02 °C (RCP8.5) a València DO. La tendència de precipitació quasi no va 

mostrar diferències fins a 2100 en Goriška Brda en contrast amb el lloc de València DO, 

mostrant una tendència negativa: fins a 83.5 mm en l'escenari RCP8.5. Segons el 

potencial vitivinícola en Goriška Brda, es van definir tres zones amb diferents potencials 

vitivinícoles, que indiquen els tipus de vins que poden produir-se: una zona adequada 

per a vins blancs de qualitat i vins negres de taula; una zona apta per a vins blancs de 

qualitat; una zona apta per a vins espumosos i blancs de taula i vins per a destil·lats. 

Aquestes zones conformen el mapa de potencial vitivinícola del lloc 

d'estudi Goriška Brda. La zona sud-oest, més pròxima al mar Mediterrani, es va definir 

com principalment adequada per a produir vins blancs de qualitat. No obstant això, la 

part nord-est es va definir com a adequada per a la producció de principalment vins de 

taula blancs, vins espumosos i vins per a destillats. 

Les varietats de raïms estudiats més vulnerables a València DO són Boval i Ull de llebre, 

que s'enfrontaran a un augment de WR fins a 82 mm (varietat Boval, producció màxima) 

durant la temporada de creixement. Considerant la precipitació anual a València (424 

mm), les noves demandes hídriques presentaran un impacte important en el consum 

d'aigua per a reg. No obstant això, la varietat Moscatell, la varietat de raïm més famós 

en la DO de València, s'enfrontarà un menor augment de WR en el futur: 

aproximadament un 50% menys, en comparació amb la varietat Tempratnillo. 

L'adaptació al canvi climàtic en viticultura és essencial. Les condicions ambientals 

futures perjudiquen mene a Goriška Brda en un context de condicions climàtiques 

favorables per a la viticultura, en comparació amb València DO. D'altra banda, els 

viticultors de València DO han de començar a planificar per a canviar estratègicament la 

ubicació de les vinyes, preferiblement més prop de la costa mediterrània o en àrees amb 

majors altituds, per a mitigar les condicions climàtiques futures indesitjables per a la 

viticultura. En seguir les estratègies i suggeriments d'adaptació presentades, existeixen 

altes probabilitats d'augmentar la competitivitat de totes dues regions vitivinícoles en el 

futur i d'impulsar una economia vitivinícola a nivell regional i nacional. 
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Preface 
 

Throughout mankind’s history, wine has been an essential part of its culture. Wine 

played such an important part, that many civilizations even had their own wine gods; 

Dionysis, the Greek god of grape harvest, winemaking and wine and Bacchus, the Roman 

god of agriculture, wine and fertility (Dougherty, 2012). The quality over yield is far more 

significant in the case of Vitis vinifera compared to other crops used for alimentation 

(Van Leeuwen et al., 2017), which shows the importance of viticulture and its main 

product wine. Recent climate change is severely affecting viticulture and wine growing 

regions worldwide. The level of climate change in the future is uncertain, as well is its 

impact on viticulture. This thesis studies the impact of climate change on two wine 

making regions in the Mediterranean basin - Goriška Brda 0F

1 in Slovenia and Valencia DO 1F

2 

(Valencia denominación de origen) in Spain - over the last five decades and analyses the 

future of climate change and its impact on viticulture up to the year 2100. Furthermore, 

the study produces significant results, which can be used as a necessary tool in future 

adaptation strategies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1 Expression “Goriška Brda site” refers to the Goriška Brda viticultural region and its surroundings, where 
the meteorological stations are located. 
2 Expression “Valencia DO site” refers to the Valencia DO viticultural region and its surroundings, where 
the meteorological stations are located. 
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1 INTRODUCTION 
 

The purpose of this section is to present the context of the research. At the beginning, 
there is a short presentation of theoretical background and a general explanation of 
climatology, climate change, climate modelling, viticulture and the impact of climate 
change on viticulture and WR. Then follows the literature review of significant studies 
addressing the impact of climate change on viticulture worldwide and in two specific 
study sites. The last part focuses on the research theme, its challenges, a problem 
purpose statement, research question, research gap and presentation on the objectives 
of this thesis. At the end, there is a roadmap of the thesis with a short description of 
each chapter.  
 

1.1 Climate change 

Climate change has emerged as a one of the most severe threats to humanity; if 

greenhouse gases (GHG) continue to rise in the atmosphere, the existing risks for 

humanity and Earth will significantly increase (Raju & Kumar, 2018). The definition of 

climate change, as given by scientists, is any change in climate over time, whether due 

to natural variability or as a result of human activity (IPCC, 2007). From the available 

scientific evidence, it is clear the climate has changed over time. The basic reason for 

climate change relates to energy flowing in and out of the Earth’s climatic system 

including the ways energy is exchanged between the atmosphere, ocean and Earth. 

Other reasons for climate change are changes in the relative position between Earth and 

the Sun, shifting continental positions, mountain building, volcanic eruptions, changes 

in atmospheric composition and many others. Climate change is caused by forcing 

agents such as radiative, non-radiative, external, internal and periodic or random. The 

process of climate change should be considered alongside anthropogenic forcing, which 

has grown significantly during the last 100 years and has caused an increase in the 

human footprint per capita (Hidore et al., 2010; Semarnat, 2010). Indeed, human 

influence is clear; recent anthropogenic emissions of GHG are the highest in history 

(Bogataj, 2009). Climate change is affected by human activity, which exceeds the 

thresholds of natural variability (Thomas & Trenberth, 2003).  

The earth’s atmosphere contains 0.04% of CO2. There are daily, annual and seasonable 

oscillations of CO2. During the day, vegetation with photosynthesis withdraws the CO2 

from the atmosphere and releases oxygen and during the night, photosynthesis stops, 

due to the lack of sunlight, and vegetation with respiration releases CO2 into the 

atmosphere. Seasonal changes of CO2 content in the atmosphere occur, due to variable 

foliar surfaces. Spring is the peak time for photosynthesis and vegetables release 

maximum oxygen into the atmosphere. In late Autumn rates of photosynthesis are at a 

minimum. Differences in the CO2 content in the atmosphere between the two seasons 

is about 5ppm in warm humid areas such as Mauna Loa, Hawaii USA and about 15ppm 

in central Long Island in New York, USA. Fossil fuels such as oil, coal and gas, are the 

major sources of energy used today. The burning of these fuels adds CO2 to the 

atmosphere. At the present time, the amount of CO2 released by the burning of organic 
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compounds in the air is higher than photosynthesis or dissolution in the oceans can 

remove. This results in an increasing amount of CO2 in the atmosphere. The amount of 

carbon dioxide has been rising year on year at least since 1850. The first attempt at 

measuring CO2 was undertaken on the Mauna Loa volcano in Hawaii, USA, under the 

supervision of Dr. Ralph Keeling (Hidore et al., 2010) (see Fig. 1).  

 

 
Figure 1: Historical Monthly Mean Atmospheric CO2 at Mauna Loa, Hawaii, USA (source: Dr. Pieter Trans, 
NOAA/ESRI and Dr. Ralph Keeling, Scripps Institute of Oceanography). 

 

The concentration of CO2 has increased by about 40% until the year 2010, in comparison 

to the pre-industrial era (1750-1800) and it is still increasing at a rate of 1.8ppm per year. 

The Earth has always been under impact of climate change, however, since the industrial 

revolution, the Earth is facing increasing temperatures, changing precipitation patterns 

and a rising number of extreme weather events, due to elevated concentrations of 

greenhouse gases in the atmosphere, caused by anthropologic forcing. From 1880 until 

2005 the average length of summer heat waves in western Europe have doubled and 

the frequency of extremely hot days has almost tripled (Della-Marta et al., 2007; Hidore 

et al., 2010; IPCC, 2014b). Since 1988, the Intergovernmental Panel on Climate Change 

(IPCC), which was constituted by the United Nations Environment Program (UNEP) and 

World Meteorological Organization (WMO), has research climate change. Until now, the 

IPCC has published six assessment reports in the years: 1990, 1995, 2001, 2007, 2014 

and 2018 (IPCC, 2018). Temperature, precipitation, relative humidity and incident solar 

radiation are frequently used climate variables to assess climate impact assessment 

(IPCC, 2001; Raju & Kumar, 2018) 

 

 Climate change modelling 

Climate models are used to model climate change past, present and future. The models 

present predictions with a certain level of probability. Several possible pathways were 

introduced during the last few decades with certain levels of uncertainty. However, only 
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one pathway will result as a correct one. The aim of climate modelling is to project all 

possible states of climate system. Multiple climate projections determinate a complete 

prediction of overall probable scenarios. To analyse the possible impacts of climate 

change, it is necessary to predict future climate changes. To make effective decisions 

regarding adaptation and mitigation, analytical and mathematical approaches can be 

used. One of the most credible tools to use for modelling climate change are General 

Circulation Models (GCMs), which are dynamic system, three-dimensional models of 

ocean, atmosphere and other factors (e.g., terrestrial system, sea ice). Nevertheless, 

coarse spatial resolutions of GCMs are not suitable for climate analysis in viticulture and 

are not able to differentiate between different anthropogenic effects (Gettelman & 

Rood, 2016; Le Roux et al., 2017; Raju & Kumar, 2018). 

By using climate modelling, it is possible to study the relationship between GHG and the 

global climate. The GCMs are highly-developed tools which simulate the response of the 

global climate system to the recent increase of GHG concentrations in the world. They 

represent physical processes in the atmosphere, cryosphere, land surface and oceans 

and, in combination with nested regional models, provide a physical and geographical 

assessment of regional climate change. The climate is described by a three-dimensional 

grid over a globe with a horizontal resolution of 250 km times 600 km and 20 to 30 

vertical layers. Many physical processes occur in smaller scales than the one offered by 

GCMs and are averaged in larger scales with parametrisation; hence, regional physical 

processes cannot be properly modelled. (IPCC, 2017; Raju & Kumar, 2018).  

Regional Climate Models (RCMs), also called nested regional climate models, are 

numerical, three-dimensional, dynamic system models simulating the climate with a 

spatial resolution in each grid of a few tens of kilometres, compared to GCMs’s spatial 

resolution of a few hundred kilometres. They were developed in 1980, to improve the 

coarse spatial resolution of GCMs, however, they do not represent the entire surface of 

the Earth. There are four classes of spatial scales, adopted by Oke (1987): micro-scale 

(0.1 m to 1000 m), local- scale (100 m to 50km), meso-scale (10km to 200km) and macro-

scale (>100km). The RCMs are developed by dynamically downscaling the GCMs 

simulations, to achieve a higher resolution (Oke, 1987; Gettelman & Rood, 2016). 

There are also RCMs with a variable resolution, e.g. ARPEGE and LMDZ (Gibelin & Déqué, 

2003), and with a zoom option, up to a resolution of 50km in the Mediterranean basin. 

Other RCMs reach a spatial resolution of up to 10km, that allow for a more detailed 

representation of the local climate. Downscaling is a methodology which produces 

climate data on a local or regional scale from coarse resolution data; it can use statistical 

or dynamical methodology. Dynamic downscaling integrates the RCM into the GCM, to 

achieve the output of the chosen location. Statistical and related relationships are used, 

to obtain the output of the chosen location; this method is simpler, compared to 

dynamic downscaling. A higher resolution allows the RCMs to better resolve 

atmospheric and terrestrial processes, and their reactions to regional forcing such as 

land cover and topography. The RCMs are used to provide regional climate scenarios of 

socially relevant climate impacts, for example the impact of climate change on 

ecosystems, water resources, etc. (Oke, 1987; Gettelman & Rood, 2016; Raju & Kumar, 

2018). 
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The definition of climate change scenarios was given by the IPCC, the Assessment report 

5 (AR5): “The goal of working with scenarios is not to predict the future but to better 

understand uncertainties and alternative futures, in order to consider how robust, 

different decisions or options may be under a wide range of possible futures” (IPCC, 

2014b). The Representative Concentration Pathways (RCPs) were created from peer-

reviewed literature and are not “de novo” as previously elaborated scenarios. RCPs 

correspond to pathways to provide time-dependent projections for atmospheric GHG. 

The RCPs are scenarios which evaluate aerosol concentrations in the atmosphere with 

GHG as their origin point. RCPs describe emission trajectories and concentrations with 

consequent forcing instead of using the “socio-economic storylines” to generate 

projections of emission trajectories and climate impacts (Wayne, 2013; Raju & Kumar, 

2018).  

Each RCP scenario contains a set of starting values and estimated emissions until the 

year 2100. The scenarios are based on assumptions about energy sources, population 

growth, economic activity and other socio-economic factors and are generated into 

“cells” with a spatial resolution of 0.5 degree of latitude and 0.5 degree of longitude, 

518,400 cells covering the Earth. The names of the RCP scenarios correspond to their 

century’s end radiative forcing levels: 8.5, 6.0, 4.5, and 2. 6 Wm-2 (Riahi et al., 2007; 

Meinshausen et al., 2011; Van Vuuren et al., 2011; Wayne, 2013; Raju & Kumar, 2018) 

(see Fig. 2).  

 

 
Figure 2: Global average surface temperature anomaly and measure of uncertainties presented as shaded 
areas, using reference period 1986-2005. The blue line stands for scenario RCP2.6 and the red for scenario 
RCP8.5. The mean and associated uncertainties averaged during 2081-2100 are presented on the right of 
the graph including all four RCP scenarios. The number above the scenarios shows the number of models 
used to calculate the multi-model mean (IPCC, 2014b). 

 

According to scenario RCP8.5, emissions of GHG increase over time and radiative forcing 

reaches 8.5 Wm-2 by 2100 and continues rising. The scenario was developed by 
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Integrated Assessment Framework, using MESSAGE model (Riahi et al., 2007). The 

stabilization pathways RCP6.0 and RCP4.5, show radiative forcing is stabilized by 2100. 

According to the RCP6.0, radiative forcing stabilizes after the year 2100, without 

overshooting. It was developed by the AIM modelling team at the National Institute for 

Environmental Studies in Japan (NIES) (Fujino et al., 2006; Wayne, 2013).  

Scenario RCP4.5 was developed by the GCAM modelling team at the Pacific Northwest 

National Laboratory’s joint Global Change Research Institute (JGCRI) in the United 

States. Total radiative force is stabilized shortly after the year 2100, also without 

overshooting, similar to scenario RCP6.0 (Wayne, 2013). The RCP2.6 represents the 

scenario which reaches the highest amount of radiative forcing before 2100 and declines 

afterwards. It reaches a value of radiative forcing of about 3.1 Wm-2 by the middle of 

the century (2050) and afterwards returns to a value of 2.6 Wm-2. It aims to keep the 

warming below 2°C, relative to pre-industrial temperatures. The average surface 

temperature and average precipitation changes show a significant difference, compared 

to the RCP2.6 and RCP8.5 scenarios (Wayne, 2013; IPCC, 2014b;) (see Fig. 3).  

 

 
Figure 3: Change in average surface temperature and change in average precipitation based on two 
scenarios: RCP2.6 scenario is on the left, RCP8.5 on the right. The calculations were based on multi-model 
mean projections for two periods: 2081-2100, with a baseline of 1986-2005. On the upper-right side of 
each map, there are the numbers of the models used for the multi-mean calculations. Dots represent 
areas, where the projected change is large compared to natural internal variability and where at least 90% 
of models agree on the sign of change. Diagonal lines show regions where the projected change is less 
than one standard deviation of the natural internal variability (IPCC, 2014b). 
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The Extended Concentration Pathways (ECP) were created with scenarios up to the year 

2300. Nevertheless, it is challenging to predict reliable socio-economic factors for such 

a long timeline, therefore the ECPs use the extended GHG concentrations, emissions 

and land-use data series (Riahi et al., 2007; Meinshausen et al., 2011; Van Vuuren et al., 

2011; Wayne, 2013; IPCC, 2014a; Raju & Kumar, 2018). 

There are significant uncertainties regarding the level of climate change impact in the 

future. However, it is certain that the changes, caused by climate change, will manifest 

themselves as extreme weather events, such as extreme temperatures, extreme 

precipitation, decreases in seasonal snow precipitation, reduced ice surfaces and rising 

sea levels (Thomas & Trenberth, 2003). By using climate models, we face a certain level 

of uncertainty, due to a simplified representation of the future climate (Boé, 2007). 

Models are uncertain. The imperfect models can be used in some cases, however the 

limitations should be defined and understood. The magnitude and timing of projected 

future climate change is indeterminate due to the uncertainty of human choices 

(anthropogenic forcing), natural variability and the uncertainty in scientific modelling 

and climate sensitivity. The future climate is a function of several uncertainties; 

uncertainty of the climate model scenario and initial conditions. On small scales, where 

the errors are essential, the uncertainty of the climate model is more significant, 

compared to larger scales. A prediction using an incorrect estimation of a model’s 

uncertainty may be worse than no prediction at all. The estimation of a model’s 

uncertainty includes comparison analysis of the climate model to actual observations 

during the time period. Observations and their uncertainties should be compared to the 

climate model; determination of statistical data (variability, mean) is crucial in defining 

the model’s uncertainties (Thomas & Trenberth, 2003; Boé, 2007; Gettelman & Rood, 

2016; U.S. Global Change Research Program, 2017). 

Published studies addressing individual climate models started about 30 years ago and 

the number of models has been growing ever since. In 1995 the first Coupled Model 

Intercomparison Project (CMIP) was introduced to compare different climate models; 

soon the project was expanded within the Intergovernmental Panel on Climate Change 

(IPCC). The CMIP was developed by the World Climate Research Programme’s (WCRP) 

Working Group on Coupled Modelling (WGCM) and the project analysed the coupled 

Atmosphere-Ocean General Circulation Models’ (AOGCMs) outputs. Recently, the 

Coupled Model Intercomparison Project (CMIP5) was developed and presented in the 

AR5, that is nowadays widely used for climate impact studies. CMIP5 promotes a 

standard set of model simulations to evaluate the accuracy of climate models by 

simulating the recent past, provide future projections of climate change (until 2035 and 

until 2100), and study and determinate the factors responsible for differences in climate 

models. Model uncertainty can be defined using the complex coupling of the coupling 

system, rather than from individual processes; moreover, the determined errors can 

lead to biases. The CMIP project is working with 28 different modelling research centres 

worldwide. The next generation of the CMIP project, the CMIP6, should be released 

within a few years, normally in the next Assessment Report of the IPCC (Taylor et al., 

2012; IPCC, 2014b; Gettelman & Rood, 2016; Coupled Model Intercomparison Project 

Phase 5, 2018; Raju & Kumar, 2018). 
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1.2 Viticulture and climate conditions 

Grapevine is a liana, a climbing plant and is invasive – it can cover up to half hectare of 
surface (Johnson & Robinson, 2013). However, using techniques as training and pruning, 
confines the vine’s growth, to obtain a higher quality of yield. Grapevine belongs to the 
family Vitaceae, mostly woody tree climbing vines, characterized by inflorescences with 
opposite leaves and tendrils. Within the family, there are 12 genera (Vitis, Ampelocissus, 
Clematicissus, Parthenocissus, Ampelopsis, Cissus etc.), from which, one of them is Vitis. 
The genus Vitis is a part of the family, which the wine industry has the most interest in 
due to the product: wine. It is divided into two subgenera, due to different numbers of 
chromosomes and different morphological features: Muscadinia and Euvitis. The most 
important species in the Muscadiania group are M. rotundifolia, M. munsoniana and M. 
popenoei. One of the species of the Euvitis group is Vitis Vinifera, the most cultivated 
grape species worldwide. The other famous species is Vitis lambrusca, native to North 
America. It has better resistance to pests and other diseases, compared to Vitis Vinifera. 
Nevertheless, due to its foxy taste, the grapes of Vitis lambrusca are mostly used for the 
production of juice and preserves. The research in this thesis was conducted on the 
species Vitis vinifera (Creasy & Creasy, 2009; Vršič & Lešnik, 2010).  
Phenology is a branch of science that studies the growth stages of a plant (or animal) 
during specific seasons; furthermore it studies the relationships between growth stages 
and various climatic factors such as temperature, solar radiation and day length (Mullins 
et al., 1992). When the soil starts to warm after winter, due to rising air temperatures 
and higher solar radiation, the vine begins to finish its dormancy stage; the roots start 
to be active and the phloem and xylem tissues begin to function (see Fig. 4). 
 

 
Figure 4: Reproductive cycle of grapevine and vine phenological stages Fraga (Fraga et al., 2012). 

 

When the air temperature reaches approx. 10° C, green tissue appears through the bud 

(Winkler et al., 1974). The shoots start to grow, getting their energy from the stored 

carbohydrate, since photosynthesis hasn’t yet occurred. Then follows the expansion of 
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internodes and pre-formed leaves. Photosynthesis starts, when green tissue appears on 

the shoots. When the shoots develop 15-17 nodes, the flowers begin to open and the 

calyptra fall from the rest of the flower. Pollination occurs, in most cases, with the help 

of wind and insects. Fertilization depends highly on temperature and takes place 2-3 

days after pollination. Sunlight and temperature are important factors in determining 

the cluster size and number of berries. Afterwards, the phase of fruit set occurs, when 

berries rapidly expand, become softer and translucent. In the berry the malic acid starts 

to metabolize, accumulates sugar and develops its characteristic flavour and aroma. 

Berries of red grape varieties begin to colour. This phase is called veraison, the French 

term describing colour shift (Winkler et al., 1974; Pratt & Coombe, 1978; Creasy & 

Creasy, 2009). Excessive precipitation can cause the berries to pop due to the high-water 

pressure from inside and can cause the juice to flow out from the berry possibly leading 

to disease and mould. Harvest is one of the decisive factors in determining the quality 

of the wine. In early winter, grapevine enters the dormancy stage. Dormancy stage starts 

approx. in November in the Northern Hemisphere and in May in the Southern 

Hemisphere, when leaves fall and the life cycle slows down until the next budburst 

(Salazar et al., 2005; Vršič, 2010). 

 

Climate parameters 

Temperature is kinetic energy generated by the motion of molecules in the measured 

body (Hidore et al., 2010) and is the most common parameter to use in atmospheric 

measurements. Due to its roughness, vitis vinifera is able to grow under the right 

conditions in zones where temperatures reach 40°C (Pierquet et al., 1977), nevertheless, 

it is a delicate cultivar, which generally cannot tolerate temperatures below -15°C (Clore 

et al., 1974). When the temperature falls below 10°C, the cultivar ceases to grow (Creasy 

& Creasy, 2009). Prolonged exposure to excessive heat, temperatures above 40°C may 

severely damage the plant and impact its physiological processes (Berry & Bjorkman, 

1980; Osorio et al., 1995). Each grape variety is defined by its own suitable average 

growing season temperature (Van Leeuwen et al., 2013) (see Fig. 5). 
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Figure 5: Average growing season temperature for grape varieties from 1971 to 1999 and from 2000 to 
2012 in Rheingau, Germany (Geisenheim station, Deutscher Wetterdienst); Burgundy, France (Beaune 
station); and Rhone Valley, France (Orange station), adopted by Van Leeuwen (Van Leeuwen et al., 2013). 

 

In terms of commercial production, grapevine is cultivated in the margin between 10 

and 20°C annual global isotherms, nevertheless, there are some wine growing sites 

outside the global isothermal boundaries, where growing Vitis vinifera as a commercial 

product, might be a future challenge (Creasy & Creasy, 2009). Several indices were 

developed for wine growing purposes, using the air temperature climatic parameter 

during the growing season of the grape, as a tool to characterize the viticulture regions 

worldwide. The most frequently used temperature-derived indices utilised in viticulture 

are the Growing Degree-Days (GDD), Winkler Index (WI) (Winkler et al., 1974), 

Heliothermal Index (HI) (Huglin, 1978), and Cool Night Index (CI) (Tonietto & 

Carbonneau, 2004). The study by Tonietto & Carbonneau (2004) developed the 

Multicriteria Climatic Classification System approach to characterizing wine growing 

areas by using HI, CI and the Dryness Index (DI). 

Frost refers to below-freezing temperatures that occur around budbreak, right after the 

dormancy period, also called “spring frost”. Vine is a frost sensitive plant, especially 

when shoots start to grow and have less tolerance to cold temperatures. The grade of 

the frost impact on the cultivar depends on the grape variety, quality of dormancy 

period, frost temperature and duration. Observations have shown that the number and 
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intensity of frost events have decreased in wine growing regions due to climate change 

(Resco, 2015; Spellman, 1999). 

For its growing cycle, Vitis vinifera needs intensive sunlight and a great amount of sunny 

days, which is also the reason, that vine is also called “a sun plant”. Sunlight is more 

important than heat during ripening of the grapevine (Vršič & Lešnik, 2010). Too much 

light can damage the grapevine hence, in some cases, training or other means to reduce 

sunshine is used to diminish the solar radiation. Generally, red wine requires more 

sunshine, compared to white wine (Spellman, 1999; Vršič & Lešnik, 2010). 

Water is an important factor in the growth of the vine, along with temperature and solar 

radiation. It is part of a transportation system, which delivers nutrients to the plant from 

the soil. It is also an important part of the Calvin cycle (photosynthesis). The cultivar gets 

water from two different sources: from the soil and from the air as a moisture (Vršič et 

al., 2010). Most vine growing regions worldwide are subject to 400 to 800 mm of annual 

precipitation. Nevertheless, in some regions, the precipitation is insufficient to meet the 

plant’s requirements and irrigation is required (e.g. southern Spain). More important 

than annual precipitation is the timing of rain events. The vine requires bigger amounts 

of water during winter and early in the growing season. However, high water amounts 

in summer and early autumn, especially at the harvest time, can be a damaging factor 

for the cultivar. It causes grape splitting, fermentation on the vine and the risk of 

infection by fungus (Spellman, 1999). Water deficit can seriously damage the berries and 

yield, especially between flowering and veraison; it can decrease the berry size and the 

damage can be irreversible (Hardie et al., 1976).  

 

Soil 

The physical characteristics of the soil have a significant influence on the magnitude of 

vine growth. Soil has three main functions for grapevine: as a water reservoir, as 

anchorage and as a nutrient source. The root system receives the nourishment from 0.6 

m until 2 m of depth; in the event of drought, roots can draw water even deeper than 2 

m. With the exception of carbon dioxide and part oxygen, the cultivar receives its 

required nutritional substance from the soil, through the root system. The most 

important nutrients are nitrogen (N), phosphorus (P), potassium (K), magnesium (Mg) 

and iron (Fe). For its growing cycle, grapevine needs different substances during each 

phenological phase. Potassium is needed at the beginning of budbreak and at the end 

of veraison. Even though nitrogen needs diminish from budbreak until veraison, there is 

still a constant need for it. Nitrogen deficiency is a common problem in viticulture, 

nevertheless it can be controlled by manure and fertilizers and the actions of soil 

bacteria. Phosphorus is especially required at the beginning of budbreak. A deficiency 

of any of substance can influence the vigour and productivity of the grapevine. 

Proportions of silt, clay, sand and pebbles define soil texture. A high content of sand and 

pebbles ensures the soil is free-draining and a high content of clay increases water 

retention. Clay soil has fine particles and loses temperature faster, compared to stony-

soil, that absorbs temperature more efficiently (Huggett, 2006; Vršič & Lešnik, 2010; 

Fraga et al., 2014). 
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Terroir 

According to the Oxford Dictionary , the term “terroir” comes from the French word 

“terre”, meaning land in English (Oxford, 2018). Nevertheless, the expression, coined by 

the French, does not have a direct English translation. There have been several 

definitions of terroir, nevertheless, the following concepts are the most prominent: “A 

delimited area with its own geological characteristics, climate and methods of 

viticulture” (Hancock, 1999), “An interactive ecosystem, defined in a specific area, 

including soil, climate and the vine (rootstock and cultivar)” (Seguin, 1986), “The vine’s 

whole natural environment, the combination of climate, topography, geology and soil 

that bear on its growth and the characteristics of its grapes and wines” (Gladstones, 

1992) and “Terroir consist of three components: soil, climate and cultivar and each 

element has a significant influence on berry composition and vine performance” (Van 

Leeuwen et al., 2004). The OIV (2010) defines terroir as “a concept which refers to an 

area in which collective knowledge of the interactions between the identifiable physical 

and biological environment and applied vitivinicultural practices develops, providing 

distinctive characteristics for the products originating from this area”, which includes 

the following features: specific soil, topography, climate, landscape characteristics and 

biodiversity. The increasing importance of the terroir concept is becoming a recognized 

viticulture trademark and it has become the most important factor in the vinegrowing 

industry (Magalhães, 2008). 

 

1.3 Climate change and viticulture 

Changes in viticulture, especially in the variety and changing position of vineyards, are 

observed worldwide. Moreover, shifts in the vine’s phenological stages and changes in 

wine characteristics are facts, which clearly show the recent impact of climate change 

on viticulture; indeed, the adaptation of viticulture is essential and should be based on 

future climate models. In the future, viticulture will confront two important climate 

forces: increasing temperature and changing precipitation patterns, which will have a 

severe impact on grapevine phenology and soil water availability. There are several 

adaptation strategies available as a response to the impact of climate change: short, 

medium and long term. The most time and money consuming adaptation method is 

shifting the location of the vineyard to a more suitable location (Guido, 2016; Neethling 

et al., 2016; Neethling et al., 2017; Quénol et al., 2017) (see Fig. 6). 
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Figure 6: Different adaptation strategies classified into three time periods (Neethling et al., 2016). 

Mitigation aims to reduce sources of greenhouse gas emissions and is the most 

advantageous answer in the fight against climate change because it would reduce the 

causes on a global scale (Neethling, 2016). New varieties of vine have already been 

introduced and are expected to be introduced in the future (Jones et al., 2005; Fraga et 

al., 2012; Duchene, 2016; Wolkovich et al., 2018). Viticulture regions have moved during 

the last few decades above the viticulture line (Schultz & Jones, 2010) and several 

studies have been undertaken on new wine growing areas (Moriondo et al., 2013; 

Nesbitt, 2016; Nesbitt et al., 2016). The consequence of climate change on viticultural 

areas affects wine quality and yield. To avoid the severe impact of climate change in the 

future, several studies were undertaken addressing adaptation and mitigation in 

viticulture (Bernetti et al., 2012; Lereboullet et al., 2013; Ollat & Touzard, 2014; Viguié 

et al., 2014; Dunn et al., 2015; Neethling, 2016;Costa et al., 2016; Neethling et al., 2017). 

Due to a growing climate change impact in the viticulture sector, there are several 

studies which assess the movement of wine growing areas 100 km northwards in the 

Northern Hemispheric and southwards in the Southern Hemispheric during the period 

2020-2050 (Malheiro et al., 2010; Santos et al., 2013). 

We have witnessed intense changes in climate during the last few decades. In particular, 

recent changes in climate cannot be ignored due to their environmental impact and the 

continual emergence of disturbing climate change facts. These include the following 

which were adopted by NASA (2015), WMO (2017) and the IPCC (2014b): (a) global 

temperature has increased by 1.1°C since the late 19th century, (b) the temperature in 

the top 700 meters of our oceans has increased by 0.3°C since 1969, (c) sea level has 

risen about 20.32 centimetres in the last century, (d) Artic ice cover is declining at a rate 

of 13.2% per decade, relative to the reference period 1981-2010, (e) approximately 400 

billion tons of total glacier is lost per year since 1994, (f) ocean acidification has 

increased by 26%, measured as hydrogen ion concentration, since the beginning of the 



INTRODUCTION 

13 
 

industrial era, (g) in 2016 atmospheric CO2 reached 145% of pre-industrial levels, (f) the 

number of extreme weather events is increasing worldwide, etc. Over the last few 

decides the climate has changed at a faster rate. This is a fact. The essential question is, 

how and at what rate will it change in the future? 

During human history, our lifestyle has been dependent on natural conditions in the 

environment. Early civilisations were growing different crop types depending on 

environmental conditions, such as soil, water access and above all, climate conditions, 

making climate one of the most important drivers in agriculture. In the past, when the 

conditions changed, they modified the variety of crops, moved the fields to another 

place, or started irrigating the crop thereby one of the earliest forms of adaptation in 

agronomy. All vegetation flourishes within a specific temperature threshold and 

requires a certain amount of water. Given these essential conditions for life, it is easy to 

deduce, that all these factors are driven by climate. Alteration of temperature and 

precipitation can severely affect the environment, vegetation, including vine, which is a 

delicate cultivar, sensitive to temperature changes (Jones et al., 2005). Wine, a product 

of grape, is associated with history, art, gastronomy and has formed an important part 

of most civilisations, since the beginning of human history and this significant influence 

continues today. Viticulture has been severely affected by climate change, during last 

decades. World wine production has experienced a falling trend in the period 2000-

2017; in 2017 wine production fell by 8.2% compared with the previous year, due to 

“unfavourable climatic conditions” (OIV, 2017).  

The future impact of climate change, according to future climate modelling (IPCC, 2018), 

will create the increasing necessity to change and adapt traditional wine producing in 

order to conserve the wine quality, or even to save wine production (Jones et al., 2006; 

Quénol, 2014; Viguié et al., 2014). Over the last five decades, the wine growing regions 

of Goriška Brda in Slovenia and Valencia DO in Spain, have felt the increasing impact of 

climate change. The temperature trend has increased and precipitation has declined. In 

Goriška Brda, there is no need for irrigation due to sufficient precipitation; approx. 1500 

mm of precipitation per year in 2016 (Gorjak, 2017).  

Vine irrigation was forbidden in Spain by law until 1996, when the legislation was 

modified and irrigation is now allowed under certain conditions (Costa et al., 2016). 

Nowadays, irrigation in viticulture under certain conditions is common practice in Spain. 

In Valencia DO there was approx. 424 mm of precipitation in 2016 (IVIA, 2017). WR in 

viticulture have been and will be affected by the impact of climate change (Fraga et al., 

2018). The assessment of future WR was conducted in Valencia DO site using three most 

representative grape varieties: Bobal, Tempranillo and Moscatel. At the present time, in 

Valencia DO, the HI has already reached the “Hot HI class” (the potential to exceed the 

heliothermal needs to ripen grape varieties) and in Goriška Brda it has reached the 

“Warm HI class” (the class just below the Hot class) suggesting grape varieties Grenache, 

Mourvèdre, Carignan. Since the temperature trends are increasing on both study sites, 

and precipitation trends are declining, it is important for the viticulture and wine 

industry, to have as much detailed data as possible about future trends in climate 

conditions.  
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Research gap 

 

There has been no specific future based spatial-temporal analysis of the climate change 

impact on a local scale undertaken in the Goriška Brda and Valencia DO viticultural 

regions. The assessment of viticultural potential, carried out with the applied 

methodology, has never been done in Goriška Brda. Future modelling of WR analysis 

was used for the first time in Valencia DO. The core motivation for this research was to 

establish the future climate scenarios for two viticultural areas to obtain needed data 

for the future mitigation and adaptation strategies needed to address the increasing 

impact of future climate change. The results from this thesis, will provide the necessary 

data to choose the most convenient adaptation strategies and will be beneficial for 

other vegetation cultures, ecosystems and humanity’s living conditions. The 

methodology used in this thesis can be used, with minor modification, in other regions 

worldwide and not only in the field of viticulture. With adequate bioclimatic indices, it 

can be used for any other cultivar.  

 

 Sensitivity of grapevine to climate conditions 

Vitis vinifera is a cultivar, which requires warm hot summers for the maturation of its 

fruits (Mullins et al., 1992; Creasy & Creasy, 2009). It is also an adequate bio indicator of 

climate change (Jones et al., 2005), hence the grapevine is a suitable crop to study the 

effects of the impact of climate change (Jones & Webb, 2010). Furthermore, vine is an 

excellent indicator to study climate change progress due to it being a perennial plant, 

which allows us to conduct analysis on the same plant over several years, which is not 

possible on annual plants (Quénol, 2014). Nevertheless, grapevine is also a demanding 

cultivar, requiring a basal temperature of 10 °C for its normal growing cycle (Winkler et 

al., 1974) and it needs relatively high solar radiation intensities (Magalhães, 2008). The 

increasing temperatures worldwide during the last few decades (IPCC, 2014b) have 

caused prolonged exposure to excessive heat and have influenced the vine’s 

physiological processes (Berry & Bjorkman, 1980; Flexas et al., 1999). Furthermore, due 

to recent climate change impact, irrigation practice in viticulture is becoming a reality in 

Mediterranean regions in order to control water condition of vine (Jones & Davis, 2000; 

Petrie & Sadras, 2008; Buesa et al., 2017).  

The study of Jones & Davis (2000a) in Bordeaux, conducted on Merlot and Cabernet 

Sauvignon varieties during the last two decades in 20th century showed several 

responses of grapevine to climate change impact. Due to an increase in the number of 

warm days during growing season, phenology events occur earlier, making the 

phenological interval shorter. Moreover, both grape varieties produced a higher sugar 

to total acid ratios and bigger berry size, resulting higher quality yield. In the past, 

climate conditions have played a crucial role in elaborating specific wine characteristics 

from specific grape varieties; furthermore, the temperature played a decisive role in 

delimiting wine growing regions (Schultz & Jones, 2010). The sensitivity of the cultivar 

was assessed in studies on the relationship between grapevine and climate over the 

centuries using historical phenological data to research historical climate conditions. In 
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Burgundy, France a study of Pinot noir during the period 1370 to 2003 was undertaken 

applying a processed-based phenology model (Chuine et al., 2004). Another study was 

also conducted in Burgundy in the north of France using mean temperature linked with 

beginning of the grape harvest (Le Roy Ladurie et al., 2006).  

 

 Climate change impact on viticulture 

In scientific literature numerous works have recently come to the fore addressing the 

climate change impact on viticulture due to its impact on the global agro-food industry. 

These include the consideration of new viticultural regions, variations in vine 

productivity and the impact on phenological activity (Sacchelli et al., 2016; Schultz, 

2000). Agriculture and viticulture are severely affected by climate change, particularly 

during the last decades. Especially wine grape cultivar, Vitis vinifera, is extremely 

sensitive to changes in the climate (Schultz & Jones, 2010). Numerous traditional 

winemaking regions in the world have been affected lately by drastic temperature 

changes during the growing season (Jones et al., 2005). Climate conditions, especially 

temperature, severely affect vine physiology and phenology (Gladstones, 1992; Jones & 

Alves, 2012; Briche et al., 2014), which make the cultivar a suitable bio indicator of 

climate change (Briche et al., 2014). Especially low temperatures, and the accumulation 

of mean minimum temperatures, influence phenology phases of vine (Hendrickson et 

al., 2004). Therefore, the vine is a convenient plant to define and understand the effects 

of climate changes. It is very likely the impact of future climate change will modify the 

traditionally wine-growing areas, grape composition and wine style (Schultz & Jones, 

2010). 

The first scientific work regarding the relationship between viticulture and climate was 

published in 1855 by Alphonse de Candolle; the study analysed the phenological growth 

of grapevine and established 10°C as the lower threshold for active growth and 

suggesting a degree-days methodology to characterize the suitability of wine growing 

regions (Estreicher, 2006). The publication by Amerine and Winkler (1944) studied the 

utility of grapevine and their susceptibility to disease, frost resistance, etc. as well as 

yield and grape composition under differing climatic and soil conditions. In the work of 

Winkler (1974) was discussed grape composition and yield under various climatic and 

soil conditions. The fundamental study of Pierre Huglin (Huglin, 1978) defined the 

bioclimatic index HI. Awareness of the climate change impact on viticulture began in the 

last century in the 90`s (Kenny & Harrison, 1992; Bindi et al., 1996). Gladstones (1992) 

elaborated on an essential study about influence of climate change on viticulture. The 

work studied the impacts of environment on the quality of grapevine and wine; it also 

discussed present and future viticulture sites in Australia. The pioneer study on climate 

change impact on viticulture was made by Bonnardot (1996), defining the coupling 

between the elevated maximum temperature (Tmax) in August and the reduction of the 

period between flowering and harvest in Burgundy, France. Schultz (2000) conducted a 

study about CO2, temperature and UB-B effects on grape production, grape composition 

and flavour development, affected by secondary metabolites as carotenoids, amino 

acids and flavonoids. In the same year, a significant study by Jones and Davis (2000) 
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discussed the shifts of phenology stages of grapevine due to climate change in Bordeaux, 

France.  

Another important work by Spayd (2002,) was the study of sun radiation and 

temperature effect on anthocyanin and phenolic profiles of berry skins of the grape 

variety Merlot in Yakima Valley in Washington, USA. The pioneer study by Tonietto and 

Carbonneau (Tonietto & Carbonneau, 2004), addressed a multicriteria climatic 

classification system for viticulture sites, based on following viticultural indices, used on 

grapevine: DI used as an indicator for the potential water balance of the soil during the 

growing season and index HI used as an indicator to characterize heliothermal 

conditions during the growing season. The study was undertaken in 97 viticultural 

regions worldwide. The work, published by Jones (Jones et al., 2005), addressed the 

temperature warming trends in the highest quality wines in viticulture regions 

worldwide, by using growing season average temperatures from 1950-1999 and a future 

temperature model for the period 2000-2049. The study also addresses the spatial-

variability of future temperature trends, comparing European and USA wine growing 

regions.  

The work by White (White et al., 2006) studied the climate change impact on viticulture 

in the USA’s wine growing regions, using a high resolution regional climate model. The 

author discussed the decline of 81% of premium wine grape production regions by the 

end of the 21st century due to future climate. He also suggested the shifting of viticulture 

areas and/or changing the existing areas into production of lower quality wines. In the 

opposite part of the world, in Australia, there was another study about the climate 

change impact on phenology on Cabernet Sauvignon and Chardonnay by Webb (2007). 

The study discussed the different timings of budburst in distinct vinegrowing regions in 

Australia as well as future projections to the year 2050. Results suggested shifting the 

harvest and budburst date during the analysis period. The work of Duchêne (2010) in 

Alsace, France, addressed the future warming trends and their impact on earlier 

phenological stages of Riesling and Gewurztraminer, using the degree-days model. 

According to the reference period 1976-2008, the model predicted earlier phenological 

phases. Moreover, the author suggested an introduction of late ripening genotypes as 

an adaptation solution. An influential study by Keller (Keller, 2010) discusses the global 

climate change influence on yield formation and fruit composition at harvest. A study 

by Hannah (2013) studied the future economic and conservation consequences of 

climate change impact, including shifting the location of traditional wine growing 

regions and creating new areas in the future, which offer more suitable conditions for 

grapevine growing. 

The most significant recent studies addressing the environmental aspects of climate 

change on viticulture were made by Schultz & Jones (2010), Ruml et al. (2012) Fraga et 

al. (2013), Quénol (2014), Radivojević et al. (2015) and Quénol et al. (2017). 

Furthermore, there were other significant studies made on climate change effects on (i) 

vine productivity (Bindi et al., 1996; Caprio & Quamme, 2002; Holland & Smit, 2010; 

Schultz & Jones, 2010; Jones & Alves, 2012; Lorenzo et al., 2013; Ponti et al., 2018), (ii) 

on the impact on the phenological phases of grapevine (Schultz, 2000; Webb et al., 2007; 

Caffarra & Eccel, 2011; Malheiro et al., 2013; De Cortázar-Atauri et al., 2017) and on the 
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increasing problem in viticulture, due to a fast changing environment. Several significant 

recent works have addressed the climate change impact on quantity (Bindi et al., 1996; 

Caprio & Quamme, 2002; Gouveia et al., 2009) and the yield and quality of grapevine 

(Jones et al., 2005; Webb et al., 2007; Jones & Goodrich, 2008; Laget et al., 2008; Lorenzo 

et al., 2013; Leeuwen & Darriet, 2016). The location of vineyards, which is defined by 

climatic, topographic and soil conditions is of fundamental importance in achieving the 

best conditions for the production of quality vine. The most changing condition is 

climate, which is also the most important requirement for viticultural regions. The main 

viticultural areas are located between 30°N and 50°N in the Northern hemisphere and 

between 10°S and 20°S in the Southern Hemisphere which roughly correspond to the 

annual isotherm between 10°C and 20°C (Mullins et al., 1992). If temperature trends 

continue as suggested by future climate models (IPCC, 2018), there is a high probability 

the traditional viticulture region will shortly need to change location. In the study of 

Schultz and Jones the temperature isotherm during the growing season for successful 

grape growing (April-October in Northern hemisphere and October – April in Southern 

hemisphere) is defined between 12°C and 22°C (see Fig. 7).  

 

 
Figure 7: Wine regions in the world (Schultz & Jones, 2010). 

Regions located in the Mediterranean basin will experience extreme summer 

temperatures in the future (Della-Marta et al., 2007; Giorgi & Lionello, 2008; Mariotti et 

al., 2008; García-Ruiz et al., 2011). Another study at a regional scale was made studying 

the effects of climate change in North-eastern Italy, west of the study site Goriška Brda 

(Tomasi et al., 2011). Moreover, Fila (2014) studied the impact of climate change on 

phenology in present and future climate conditions, working on Chardonnay in the 

Veneto region. The results included the shift from 13.9 to 44.4 days earlier budburst 

than in 1990 and an advance in flowering of between 24 and 36.5 days. A study by 

Tomasi (2011), also provided further proof of the shift in the grapevine’s phenological 

stages, forced by climate change, in the northeast of Italy, close to Goriška Brda, during 

the last five decades. The study discussed the shifts in bloom, veraison and harvest dates 

from 13 to 19 days earlier and an increase in temperature of 2.3°C during the growing 

season in the period 1964-2009. 
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In Slovenia, an area of 20.273 km2, there are three types of climate: Mediterranean, 

Alpine and Continental (Ogrin, 1996), hence the country offers great spatial-variable 

climate areas. The intensity of extreme weather events, such as heavy rainstorms, has 

increased during the period 1991-2006 in Goriška Brda and the frequency of extreme 

events is expected to increase in the future (Ceglar et al., 2008). Work by Rusjan (Rusjan 

et al., 2007) discussed the increased content of copper contamination in soil layers due 

to the usage of copper-based fungicides in vineyards in Goriška Brda. Another work 

addressed the analysis of a training system for the Rumeni muškat (Yellow Muscat) 

grape variety in Goriška Brda (Jakin, 2014). The quality parameters of grape, which were 

studied during the period 1995-2015, showed an increase of sugars in the traditional 

grape variety Rebula in Goriška Brda (Kavčič, 2007; Martinčič, 2015). Another study was 

undertaken on biodiversity and climate change in Goriška Brda and other 

Mediterranean areas in Slovenia (Urbanic, 2009) as well as one regarding future 

temperature increases on a regional scale in Slovenia (Darko Ogrin, 2003). Several 

studies have assessed the historical progress of climate change on a regional scale, the 

resulting increasing temperature trends and variable precipitation trends in the whole 

of Slovenia (Bogataj, 2009; De Luis et al., 2014), nevertheless, there have been no studies 

undertaken, on a local scale, on the future impact of climate change on Goriška Brda up 

to the date of publishing this thesis.  

Valencia “denominación de origen” (Valencia DO) was formally found in 1932, when it 

was awarded the “status of wine” (Estatuto del Vino) (Valencia denominación de origen, 

2019). There have been many studies regarding the impact of climate change on 

viticulture in Spain (Tonietto et al., 2012; Resco, 2015; Hewitt-castillo, 2016) and in 

specific Spanish wine growing areas (Lorenzo et al., 2013; Helder Fraga et al., 2014; 

Lopez-Bustins et al., 2014). Nevertheless, only a few studies were undertaken in the 

Community of Valencia addressing viticulture (Tonietto et al., 2012; Buesa, 2013; Ignacio 

Buesa et al., 2017) and a few studies on climate change impact in Valencia DO (Sirnik et 

al., 2015). The understanding of the variability of climate change in fine detail is essential 

for the successful adaptation of the viticulture industry (Le Roux et al., 2017). The 

climate parameters, especially temperature, have an important influence on vine 

growth and viticulture (Quénol et al., 2008; Briche et al., 2014). There have been several 

studies addressing the influence of climate change on the micro-climate of wine-

growing sites (Van Leeuwen et al., 2004; Jones, 2006; Bonnardot et al., 2012; Neethling 

et al., 2012; Quénol & Bonnardot, 2014;) and the variability of temperatures on fine 

scales in comparison to larger scales (Scherrer & Körner, 2011; Ashcroft & Gollan, 2012).  

Future temperature modelling is elaborated with climate models. General Circulation 

Models (GCM) and RCMs are made in low resolution and are not suitable for 

temperature analysis in viticulture (Le Roux et al., 2017). Due to a high variability in local 

temperatures at a higher resolution, local scale, also called “terroir” scale, is more 

suitable for viticulture. For example, frost can be a very localised phenomenon, hence 

high resolution temperature analysis is highly suitable tool for viticulture (Madelin & 

Beltrando, 2005; Irimia et al., 2015).  
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 Bioclimatic indices 

Bioclimatic indices are usually used as a tool to assess climate suitability and climate 

modelling, thus providing significant data for spatial-temporal analysis (Nesbitt, 2016). 

There are numerous bioclimatic indexes used to determine the characteristics of wine 

regions in function of grape varieties, nevertheless there are only a few based on 

temperature (Gladstones, 1992; Huglin & Schneider, 1998; Tonietto & Carbonneau, 

2004). There were several investigations undertaken using bioclimatic indices as a tool 

for analysis on the impact of climate change on viticulture worldwide (Tonietto & 

Carbonneau, 2004; Gregory V Jones, 2006; Bonnardot et al., 2012). Another model, 

grapevine flowering veraison (GFV) model, was introduced to predict dates of the 

flowering, veraison and ripening stages by estimating the sugar concentration in berries 

(Parker et al., 2011; Parker, 2012). 

There have been many studies addressing the impact of climate change on viticulture 

by bioclimatic indices in Europe (Neethling et al., 2012; Bonnefoy et al., 2013; Fraga et 

al., 2013; Santos et al., 2013; Nesbitt et al., 2016). However, there have been fewer 

studies in Spain (Climaco et al., 2012; Lorenzo et al., 2013; Fraga et al., 2014; Resco, 

2015) and even less in Slovenia (Vršič & Vodovnik, 2012; Purgaj, 2014; Vršič et al., 2014) 

and in the Goriška Brda wine-growing area. Even fewer studies have been undertaken 

that address future modelling using bioclimatic indices. In this thesis, the scope adopts 

the methodology and calculation using bioclimatic indices HI, WI and DI (Tonietto & 

Carbonneau, 2004) to analyse and define the progress of them in Valencia and Goriška 

Brda study sites. In a similar study by Vršič (2012) the temperature precipitation and 

bioclimatic indices trends during the observation period in the Slovenian Styria wine-

growing region in North East Slovenia using one meteorological station were discussed. 

In this thesis data from 11 weather stations for Goriška Brda and 8 for Valencia DO have 

been utilised. Furthermore, in this thesis a model of bioclimatic indices until 2100 was 

made.  

 

 Zoning 

Delineation in viticulture is an important factor in planning and management of 

vineyards targeting a high quality yield (Carey, 2001; Vaudour & Shaw, 2005). Precision 

viticulture was first applied in the USA (Wample et al., 1999) and Australia (Bramley & 

Proffitt, 1999) using yield mapping. For years, the results provided useful information 

concerning quality viticulture. Several studies were made concerning the delineation of 

viticultural zones in Romania (Irimia et al., 2012; Irimia et al., 2014) , Spain (Arnó et al., 

2009; Martinez-Casasnovas et al., 2012), Greece (Tagarakis et al., 2013), France 

(Vaudour et al., 2005; Crestey et al., 2017;), Italy (Bonfante et al., 2015) and Australia 

(Bramley et al., 2007). Recently a remote sensing methodology has been used in zoning 

studies (Crestey et al., 2017). Another delineation study was made addressing 

delineation in Goriška Brda by Rusjan (2003) using indices WI, Branas, HI, Kerner in 

Seljaninov to characterize four characteristic viticultural zones. In the same work, 

Goriška Brda was defined and discussed as a “terroir” viticultural site. Another study 
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shows the systematic progress and various trends of vineyard areas in Goriška Brda 

during the period 2002-2015 using hot spot methodology (Fikfak et al., 2017). There 

were no such studies conducted in Valencia DO wine making region at the time of 

publication of this thesis.  

 

 Irrigation 

Climate change in recent years has affected irrigation and water management in 

farming, consequentially agriculture will have to adapt in order to maintain yield quality 

and quantity in the future (Iglesias & Garrote, 2015). Furthermore, according to science 

indications, climate change will in the future, severely alter water availability in Europe 

(Marx et al., 2018). Due to a precipitation reduction and enhanced evaporation, the 

Mediterranean regions will be affected by a 20% decrease of land surface water 

availability and a 24% decrease of fresh water (Mariotti et al., 2008). The shifts in the 

phenological stages of vine and changes in wine characteristics are facts, which clearly 

show the recent impact of climate change on viticulture; indeed, the adaptation of 

viticulture is essential and should be based on future climate models (Le Roux et al., 

2017). The evapotranspiration is an essential element of hydric balance and irrigation 

management (Jiménez-Bello et al., 2015). Several studies addressed future 

evapotranspiration modelling under climate change (Kingston et al., 2009; Xu et al., 

2014; Obada et al., 2017). There have been several studies made concerning irrigation 

and drought problems in viticulture (Chaves et al., 2007; Zsófi et al., 2008; Van Leeuwen 

& Darriet, 2016;) nevertheless, only a few studies analyse drought and WR using future 

climate change scenarios, namely (Kingston et al., 2009; Fraga et al., 2017; Obada et al., 

2017; Phogat et al., 2018) and a study in Spain (Cancela et al., 2016). There are 

interesting studies on the effects of water stress due to a rise in temperature on the 

grape variety Tempranillo in Mediterranean summer conditions (Flexas et al., 1999) and 

on the Semillon grape variety (Winkel & Rambal, 1993). Another significant study was 

made studying the phenological performance of grape varieties Tempranillo and Bobal 

to enhance the quality by introducing light pruning instead of traditional pruning in the 

study site Utiel-Requena, a neighbouring wine-growing site which lies to the west of 

Valencia DO (Perez-Bermudez et al., 2015).  

 

1.4 Scope 

This thesis provides a spatial-temporal assessment on a local scale of future climate 

change on the Goriška Brda and Valencia DO vinegrowing regions. Observed 

meteorological data from the viticulture region in Perpidnan, France, were discussed in 

a similar study by Lereboullet (Lereboullet et al., 2014). A daily model for temperature 

and precipitation was created for the period 2001-2060 using scenarios A2, A1B and B1 

and the ARPEGE-RETIC-V4 regional climate model. This thesis used a higher number of 

meteorological stations, with a shorter period of observation data (1960-2016). It was 

used recently introduced scenarios Representative Concentration Pathways 4.5 

(RCP4.5) and 8.5 (RCP8.5) and Euro-Cordex climate models with modelized data until 
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the year 2100. To our knowledge, there have been no similar studies made, using 

bioclimatic indices for future modelling in Valencia DO, nor in Goriška Brda wine-growing 

sites until now. This thesis will provide the necessary data to successfully adapt the 

viticulture in the future in both study sites by using HI and WI bioclimatic indices. 

Environmental factors, which represent relief, climate and soil, were used to 

determinate homogeneous viticultural zones within Goriška Brda. Each homogeneous 

viticultural zone was described in terms of its viticultural potential, which expresses the 

types of wine that can be produced according to its climatic, topographical and 

pedological suitabilities. In the related delineation study of Rusjan & Korošec-Koruza 

(2003) ecological factors and bioclimatic indices were used to delimit the vinegrowing 

region in Goriška Brda. However, in this thesis, were used a higher number of ecological 

factors and a different approach with updated Geographic Information Systems (GIS) 

analysis methodology. The methodology of Irimia (Irimia et al., 2014) was adopted and 

modified to use for delineation analysis in a different location using different ecological 

factors.  

To our knowledge, there have been no studies made addressing the modelling of future 

WR for Tempranillo, Bobal and Moscatel grape varieties in Valencia DO region. The 

similar study by Obada (Obada et al., 2017) addresses the future evapotranspiration 

potential in Benin, Africa, using Penman-Monteith (PM) equation (Penman, 1948). In 

this thesis were used the same future scenarios RCP4.5 and RCP8.5. However, the BC 

formula (Allen et al., 1986) was used, due to the available dataset and its robust nature 

after calibration in comparison to PM formula, which requires a higher number of 

parameters that are difficult to predict.  

 

1.5 Research questions 

According to the recent progression of climate conditions in both viticultural areas, 

there are four challenging goals in this thesis: 

 

(1) What is the impact of climate change on two different wine-growing regions (Goriška 

Brda and Valencia DO), that share similar topographic characteristics the Mediterranean 

wine-growing area? The results are given by defining historical spatial-temporal 

temperature, precipitation and several bioclimatic indices trends during the last five 

decades in both study sites (Analysis 1).  

 

(2) How will climatic conditions progress until 2100, and which grape varieties should be 

recommended to grow until 2100? The assessment of temperature progress at the 

Goriška Brda site over the last five decades, and the elaboration of a future temperature 

model for the period 2041-2060, is presented in Analysis 2. Determination of spatial-

temporal future temperature for the period 1965-2100, under RCP4.5 and RCP8.5 

scenarios, with defining temporal progress of suggested grape varieties according to 

bioclimatic indices HI and WI in the viticultural regions Goriška Brda and Valencia DO, is 

discussed in Analysis 3. In Analysis 4 were used a higher number of weather stations to 

better assess spatial-temporal climate change in both study sites until 2100. 
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(3) Where are the zones in Goriška Brda suitable for growing grapes for white table 

wines up to quality red wine? Where are the locations, where viticulture is not 

recommended? Determination of homogeneous viticultural zones, described in terms 

of their viticultural potential, which expresses the types of wine that can be produced 

according to its climatic, topographical and pedological suitabilities, is discussed in 

Analysis 5.  

 

(4) What will be the irrigation trend for grapevine to produce grapes for maximum 

quantity and maximum quality wine in Valencia DO until the year 2100? Assessment of 

future WR for Tempranillo, Bobal and Moscatel grape varieties in Valencia DO by 

creating an Reference Evapotranspiration (ETo) model, using the Blaney-Criddle (BC) 

formula, and definition of the WR for the period 1985-2100, is described in Analysis 6.  

 

1.6 Structure of the thesis  

This thesis consists of six parts: 

1. In the first part is introduced the problem description with the research question, 

literature review and theoretical part.  

2. In the Methodology chapter, the methodologies used in this thesis are explained. 

This thesis is divided into seven dependent parts referred to as analysis. Each of 

them represents one unique part of the general research.  

3. In the Results and discussion section are stated, discussed and explained all 

results derived from the research. The results are divided into six analyses.  

4. In the Synthesis and final conclusions section are explained and discussed the 

outcomes of the all seven analyses. 

5. The bibliography section contains literature sources used in this thesis.  

6. The annexes section contains the supplementary material, which help to 

understand the results and discussion derived from the thesis. 

 

1.7 Concluding paragraph 

There are several studies made addressing climate change on viticulture, nevertheless, 

only a few of them study the impact of climate change on a local scale, which is crucial 

for spatial-temporal analysis in viticulture. Several studies were made concerning WR; 

however, this thesis is focused on two specific grape varieties: Bobal and Tempranillo 

including elaboration of two future irrigation scenarios. Few studies were undertaken 

using delineation analysis in Goriška Brda but they defined different wine-growing 

zones. Using another GIS approach with a different methodology, four specific zones 

were defined for four different grape varieties. This thesis significantly expands on other, 

similar studies on the impact of climate change on viticulture and adds several additional 

elements to enhance the climate change predictions in terroir scale necessary for the 

future adaptation of the Goriška Brda and Valencia DO wine-growing regions. The next 

chapter describes in detail the methodology and materials used to analyse different 
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future climate scenarios and future climate change impact on viticultural sites Goriška 

Brda in Slovenia and Valencia DO in Spain.  
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2 MATERIALS AND METHODOLOGY 
 

2.1 Introduction 

In this chapter are described the methodologies used to critically analyse the impact of 

climate change on the Goriška Brda and Valencia DO sites. Topographic, climatic and 

viticultural details (environmental conditions for growing grapevine, recommended 

grape varieties, etc.) of each study site are presented and discussed (see 2.2). The reason 

for choosing these two specific vinegrowing regions is for various climatic and 

topographic reasons. Furthermore, all meteorological stations, used in this thesis for 

climate analyses, are described with their location and available datasets of climate 

parameters (see 2.3). Basic methodologies used in the thesis, are defined and discussed 

from section 2.4 to section 2.6. Nevertheless, there are six separate analyses with their 

proper methodologies, presented and discussed from section 2.7 to section 2.12. At the 

beginning of each analysis, there is a description and definition of input data used in 

each analysis. In continuation the methodology is described in detail. The main 

conclusions, with the summary of key points, are discussed at the end of this chapter 

(see 2.13).  

 

2.2 Presentation of the study sites 

There are two viticultural study sites chosen for the purposes of this thesis. Goriška Brda 

in the western part of Slovenia and Valencia DO in the eastern part of Spain. Both study 

sites enjoy similar topographical conditions. Each site benefits from, and is influenced 

by, the Mediterranean Sea climate and is located within 70 kilometres from the coastline 

(see Fig. 8).  

 

Figure 8: Location of Goriška Brda and Valencia DO study sites (The Future of Europes Wiki, 2017). 

 

 Viticulture site Goriška Brda 

The most famous viticulture site in Slovenia, according to the quality of wine and the 

introduction of new technologies in viticulture and viniculture, is Goriška Brda. There 
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are nearly 400 winemakers in the Goriška Brda region, selling wine to Europe, the USA 

and China. Slovenia is located in Middle Europe, on a crossing with four geographical 

regions: Adriatic Sea (the most northern part of the Mediterranean Sea) on the south-

west, Alps on the north and north-west, Pannonian basin on the north-east and Dinaric 

Alps on the south, south-east. According to relief, climate, soil characteristics and agro-

biological factors, Slovenia divided into three wine regions (“vinorodne dežele”): 

Primorska, Posavska in Podravska. Inside of each wine region are nine sub-regions 

(“okoliši”) (Mavrič Štrukelj et al., 2012; Vršič et al., 2012; Gorjak, 2017). The Podravska 

and Posavska wine regions are neighbouring regions starting in the Pannonian basin in 

the north east stretching south-west through the Slovenske Gorice and Haloze regions 

to the Dinaric Alps in the south, southeast. Next to the Adriatic Sea is located the 

Primorska wine region (“Primorska” literary means “land, next to the sea” in Slovene 

language), in which the study site Goriška Brda is located. Goriška Brda is classified as a 

“vinorodni okoliš” (viticultural sub-region). A ”Vinorodni okoliš” is defined as a wine-

growing environment, which is a geographically defined area with similar soil conditions, 

grape varieties and agro-biological factors, that enables the production of grapes, must, 

wine and other typical products (Legal Information System of Slovenia, 2019) (see Fig. 

9).  

 

 
Figure 9: Locations of wine regions in Slovenia. Goriška Brda is coloured yellow and forms a part of the 
Primorska wine region (ThinkSlovenia, 2019).  

 

Most vineyards in Slovenia are located on steep terrain, which is considerably more 

expensive to grow vine on in comparison to wine regions on flat terrain. Nevertheless, 

vineyards located on sloping lands have positive consequences for yield quality, 

including better water and air drainage and increased sun exposure (Creasy & Creasy, 
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2009). The wine quality in Slovenia has been constantly increasing over the last few 

decades. There were 15.921 hectares of registered vineyards in Slovenia in March 2017, 

however, since 1996, viticultural surface has slightly decreased. (Gorjak, 2017).  

Goriška Brda, also known as the Brda wine region, is a relatively small area, that mainly 

produces wine and fruit e.g. cherries and peaches. It is located in the western part of 

Slovenia, next to the Slovenian-Italian border, about 20 kilometres north of the Italian 

city of Trieste. The viticulture area has a surface area of 72 km2. Technically, Goriška 

Brda is the continuation of the valley of Vipava (Vipavska dolina), which is located to the 

east of the study site and is also an important viticultural area in Slovenia. The 

geographical border between the two winemaking sites is the river Soča. In Goriška 

Brda, there are no cities, only small villages. The western border between Italy and 

Slovenia defines the river Idrija, where the italian region Friuli-Venezia Giulia starts. 

Towards the south, after crossing the international border with Italy, lies the fertile 

flatland, which ends on the coasts of the Gulf of Trieste in the northern part of the 

Adriatic Sea which is a part of the Mediterranean Sea. The river Soča represents the 

south-eastern border. The Sabatin mountains (609 m above sea level (asl) provides the 

border in the northeast and the Korada mountain (812 m asl) in the north (Gorjak, 2017). 

The soil fragmentation originated from the oceanic sedimentary mass, and consists of 

layers of flysch, clay, marl, sandstone and limestone. Formation of the hills was caused 

by water erosion. The soil contains a poor amount of humus, minerals, potassium, 

phosphorus and other nutrients and is favorable for viticulture (Drnovšček, 1994). 

The climate is described as mild-mediterranean, classified as ‘Cfa’ class according to the 

Köppen-Geiger climate classification system (Peel et al., 2006). The viticultural site 

enjoys frequent warm and humid air from the south-west region. The site’s coldest 

average January temperature was (3°C) and the hottest average August temperature 

was 24°C (Arso, 2017). Goriška Brda is under the climate influence of the Mediterranean 

Sea, which lies at the most northern point in the Gulf of Trieste. North of Goriška Brda, 

there are the Alps, which protect the viticulture site from the influences of the 

continental climate. Winter temperatures are rarely under zero degrees Celsius, hence 

there is almost no snow precipitation. The local wind Bora (Burja) is a quite frequent 

phenomenon, caused by high air pressure. Nevertheless, it is not as powerful as in the 

Vipava valley. Frost occurs in spring due to a cold wind caused by an anticyclone. 

Average yearly precipitation in Goriška Brda is approx. 1500 mm (Ažman et al., 2008; 

Gorjak, 2017) (see Fig. 10).  
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Figure 10: Climograph of the weather station Bilje for the period 1987-2016. 
 

Evidence shows vineyards were present in this region before the roman invasion, 

according to the remains of grape seeds found in this area. The Romans started to 

expand the wine industry by the end of the first century. Historically, wine was traded 

between the western and eastern regions. Trees were used for support of the vine until 

the end of 19th century. After the year 1991, when the Republic of Slovenia became 

independent, Goriška Brda developed into the most important viticulture site in 

Slovenia. Total surface area of vineyards is 1802 ha and the number of winemakers is 

127. Most important vine varieties are: Rebula (Ribolla Gialla), Chardonnay, Merlot, 

Sauvignonasse (Tocai Friulano) and Sivi pinot (Pinot gris). Vine is grown from 80 m asl to 

400 m asl of altitude (Gorjak, 2017). According to the Governmental Gazette of Slovenia 

number 2634 (Uradni list Republike Slovenije, 2007), there are 10 suggested and 16 

allowed grape varieties in Goriška Brda (see Table 1).  

 
Table 1: Suggested and allowed grape varieties in the Goriška Brda viticultural site (Uradni list Republike 
Slovenije, 2007). 

Suggested grape varieties Allowed grape varieties 

Rebula, Zeleni sauvignon, Beli pinot, 
Sauvignon, Malvazija, Sivi pinot, Chardonnay,  
Merlot and Cabernet sauvignon 
 

Rumeni muškat, Pikolit, Prosecco, 
Verduc, Refošk, Cabernet franc, Modri 
pinot, Barbera, Syrah, Gamay, 
Glera, Klarnica, Pergolin, Pokalca, 
Poljšakica and Viognier 

 

Viticultural site Goriška Brda is defined as a “terroir” due to its specific local climate 

conditions, specific grape varieties and tradition (Rusjan & Korošec-Koruza, 2003). There 

were several studies made addressing spatial-temporal analysis to estimate vineyard 

yield (Rusjan et al., 2003; Tisu, 2012) and the management in viticulture of sustainable 

natural resources in Goriška Brda (Pintar et al., 2010). 
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 Viticulture site Valencia DO 

Spain is the country with the highest vineyard surface in the world (975.000 hectares in 

the year 2016) and is the world’s third biggest wine producer with 39.3 million 

hectolitres (year 2016) after Italy and France (OIV, 2017). Therefore, the role of 

viticulture is especially significant from an economic-social aspect. Detailed classification 

of viticultural areas in Spain consist of areas with “Designation of Origin” 

(“Denominación de Origen”, also called “Denominación de Origen Protegida”, DO), 

estate wine (“Vino de pago”, VP) and quality wine (“Vino de calidad”, VC). There are 68 

sites designated as “Denominación de Origen”, 14 sites designated to “Vino de pago” 

and 7 sites designated to “Vino de calidad” (Ministerio de agricultura y pesca, 2019). A 

map of all the viticultural sites in Spain with the designated DO label is in section 6.1. 

(see Fig. 74). In order to gain the DO level, the viticultural region has to meet the 

following requirements:  

• Wine from the region should enjoy a high prestige in commercial traffic in 

response to its origin. 

• The region must have been previously recognized as a geographical area for 

quality wine with a geographical indication of at least five years. 

• The geographical delimitation of the region must exclusively include lands of a 

special aptitude for the cultivation of the vine. 

• The region should meet the requirements 1, 3, 4, 5, 6, 8, 9, 11, 15 and 16 from 

the Regulations (UE) 1308/2013, from the 17th of December , annex VII, part II 

(Ministerio de agricultura y pesca, 2019).  

Valencia DO (Valencia denominación de origen) was granted the status denominación 

de origen (DO) in the year 1932 (see Fig. 11). 
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Figure 11: Location of viticultural sites DO in Spain. Study site Valencia DO is situated in the black square 
on the left side of the map. Number 36 corresponds to Valencia DO, number 37 to Utiel-Requena and 
number 38 to Alicante DO (Vinosdulces, 2017). On the right map is represented the Valencian Community 
with three viticultural sites Utiel-Requena, Valencia DO and Alicante DO (Gómez Fernández, 2008). 

 

The altitude of the vineyards is between 60 m asl and 800 m asl (Benavent Aleixander, 

2005). Through the study site runs the Turia river, which flows into the Mediterranean 

Sea, just south of Valencia city. On the east, there is a plain “L’Horta”, with a slight 

negative slope towards the Mediterranean coast. On the south, there is the Magro river 

with the hills of “Sierra de Enguera”. In the western part are located the hills of “Meseta 

de Utiel” and “Sierra de Javalambre” with peaks reaching more than 1000 m asl. 

Vineyards in Valencia DO are located in Miocene and Quaternary soils. In the upper soil 

horizon, there is a lack of humus. Clay is generally present in the soil in all Valencia DO, 

which increases the quality of wine due to its ability to retain water. (White, 2003).  

Valencia DO enjoys a Mediterranean climate, classified as BSk, according to the Köppen-

Geiger climate classification system. The local climate has mild winters with an average 

high temperature of 14°C and long, warm summers with an average high temperature 

of 28°C in July and August. The average rainfall reaches 424 mm per year (IVIA, 2017).  
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Figure 12: Climograph of the weather station at Valencia airport (see Fig. 16) for the period 1987-2016. 

 

The viticultural site Valencia DO is divided into four subzones: Alto Turia, Valentino, 

Moscatel de Valencia and Clariano. The subzone Clariano was not chosen for further 

analysis, due to its geographical remoteness from the other three subzones (Consejo 

regulador de vinos de la denominación de origen protegida Valencia, 2019). Valencia DO 

belongs to the Jucar Hydrographic confederation (CHJ) (Confederación Hidrográfica del 

Júcar, 2019), which establishes how water is delivered for the management of different 

hydrographic units. Alto Turia is the most northern subzone. The vineyards are between 

700 m asl to 1000 m asl. Most of the grape varieties are white. There are two grape 

varieties which stand out: Merseguera and Macabeo. Valentino is the subzone located 

nearest to the Mediterranean coastline. Grape is cultivated between 200 m asl and 650 

m asl. The diversity of the soil and climate characterise the subzone Valentino with a 

high diversity of grape varieties. The most significant varieties are: Merseguera, 

Macabeo, Semillón, Chardonnay, Tintorera, Tempranillo and Cabernet Sauvignon (see 

Fig. 13). 
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Figure 13: Spain with the Community of Valencia in a darker red colour (left map) and location of 
viticultural subzones of Valencia DO in Community of Valencia (Valencia denominación de origen, 2019). 
The scale of the map of Spain on the left is 1:12 000 000 and on the right 1:2 500 000. 

 

The subzone Moscatel de Valencia is situated in the centre of the Province of Valencia. 

It is more influenced by the sea breeze in comparison to the other subzones, which 

makes it possible to cultivate the most representated white grape variety Moscatel. 

Clariano is the most southern subzone of the Valencia DO. White grape varieties are 

grown closer to the seacoast and red varieties are located in the western part. The 

significant red grape varieties are: Tintorera, Monastrell, Cabernet Sauvignon, Merlot 

and Tempranillo (Valencia denominación de origen, 2019). Annual wine production in 

the Valencia DO in 2016 was 656.956 hectolitres (Consejo regulador de vinos de la 

denominación de origen protegida Valencia, 2019). According to the Ministry of 

Agriculture, Food and Environment of Spain (Ministerio de agricultura y pesca, 2019), 

there are 37 grape varieties permitted in Valencia DO (see Table 2). 
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Table 2: Admitted grape varieties in Valencia DO (Ministerio de agricultura y pesca, 2019). 

White grape varieties Red grape varieties 

Macabeo (Viura), Merseguera, Moscatel de 
Alejandría, Moscatel de Grano Menudo, 
Pedro Ximénez, Planta Fina de Pedralba, 
Planta Nova, Tortosí, Verdil, Chardonnay, 
Sauvignon Blanc, Parellada, Verdejo Blanco, 
Riesling, Gewürxtraminer, Subirat Parent, 
Semillón Blanc and Viognier.  

Garnacha Tinta, Monastrell, Tempranillo, Ma
lbec, Forcallat Tinta, Bobal, Cabernet Sauvign
on, Merlot, Syrah, Garnacha, Tintorera, Mazu
ela (Cariñena), Mencía, Bonicaire, Pinot Noir, 
Petit Verdot, Cabernet Franc and Graciano. 

 

According to data for 2016, grape varieties with the highest surface area in Valencia DO 

are: Moscatel, Mersguera, Tempranillo, Tintorera, Monastrell, Mavasia, Planta nova, 

Macabeo Cabarnet Savignon, Merlot, Syrah, Tortosi, Bobal, etc (Consejo regulador de 

vinos de la denominación de origen protegida Valencia, 2019; Valencia denominación 

de origen, 2019). 

 

 Choice of study sites  

The study sites Goriška Brda and Valencia DO were chosen due to their similar 

topographic characteristics. Furthermore, it results in an important assessment of 

distinct methods of adaptation in each study site in the context of differing climate 

change impacts in the future. Both study sites are located between an elevated, 

mountainous site and the Mediterranean Sea. The distances from the closest point of 

the study area to the coastline are similar: approx. 17 km from Valencia DO to the sea 

and approx. 21 km from Goriška Brda area to the coastline. The elevations of both wine-

growing regions are also similar (see Fig. 14). 
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Figure 14: Topographic profile of Goriška Brda and Valencia DO. 

 

Both study sites enjoy the most popular climate in the European part of the 

Mediterranean, according to the classification system of Köppen-Geiger (Peel et al., 

2006). The climate classifications of the study sites were defined from the datasets of 

the closest weather station, with at least 30 years of climate data: Weather station Bilje 

from the Goriška Brda site (see Fig. 15) and weather station Valencia airport from 

Valencia DO site (see Fig. 16). The climate of the study area Goriška Brda is classified as 

Mild-Mediterranean “Cfa class, Humid subtropical climate” and Valencia DO is defined 

as Mediterranean climate classified as “BSk class, Cold semi-arid climate”. Annual mean 

temperature (Tmean) of the “Bsk class” is defined as lower than 18°C, compared to “Cfa 

class”, where the average monthly temperature of the hottest month is defined as equal 

to, or higher than, 22°C and the average monthly temperature of the coldest month is 

defined as colder than 18°C. The mean annual precipitation (MAP) of “Bsk class” is 

defined as lower than 10 times Pthreshold. The value Pthreshold is defined under the following 

three conditions: 

• if 70% MAP occurs in winter, then Pthreshold equals 2 times MAP;  

• if 70% of MAP falls in summer, then Pthreshold equals 2 times MPA plus 28 mm;  

• otherwise Pthreshold equals 2 times MAP plus 14 mm. 
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The values of MAP under “Bsk class” are lower, compared to “Cfa class”, which is defined 

as a class without a dry summer nor a dry winter. A dry summer is defined under two 

conditions: precipitation in the driest month is lower than 40 mm and where the 

precipitation of the driest month is lower than a third of the precipitation in the wettest 

month in winter. A dry winter is defined, when precipitation in the driest month in 

winter is lower than one tenth of the precipitation in the wettest month in summer. The 

months October, November, December, January, February and March define winter and 

the other six months define summer. The “Cfa class” characterises areas with lower 

temperatures and approximately three times higher annual precipitation, compared to 

“Bsk class” (Peel et al., 2006).  

 

2.3 Meteorological data 

The meteorological data were retrieved from the weather stations located within the 

borders of both study sites and in the surrounding areas. The parameters used were: 

daily minimum temperature (Tmin), daily Tmax, daily Tmean, daily precipitation, 

evapotranspiration and number of sun hours per day. 

 

 Meteorological datasets in Goriška Brda 

For the spatial-temporal analysis in the Goriška Brda study site, eleven weather stations 

were used. These were located inside the study site or in close proximity to it (see Fig. 

15). 

 

 
Figure 15: Study site Goriška Brda (area coloured in red) and location of available weather stations. 
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There are nine weather stations within the borders of Slovenia and two in Italy: Lignano 

and Fossalon. The stations were chosen according to their location and recorded data 

history. The selected stations were chosen under the following three conditions:  

1. Location of station should to be within the study area of Goriška Brda or no more 

than 60 km from the weather station Vedrijan, located inside of the Goriška Brda 

study site. The meteorological station Koper is the farthest station from Vedrijan 

(approx. 54 km).  

2. Station should record daily meteorological parameters. 

3. Station should have been recording data for a minimum of 15 years.  

The weather stations Lignano, Fossalon and Bilje were chosen due to their proximity to 

the coast, to analyse the influence of the Mediterranean Sea on climate in the study site. 

The weather station Vogel is the highest located station at 1922 m asl. It was chosen for 

its proximity to the study site and the altitude temperature analysis. The remaining 

stations were chosen due to their proximity to the study area and their long-year 

historical dataset. The meteorological data from the stations located in Slovenia were 

gathered from the Ministry of the environment and spatial planning of the Republic of 

Slovenia (Arso, 2017). The data from the stations positioned in Italy were gathered from 

the Regional Meteorological Observations of Italy (Meteo.fvg, 2019). A temporal 

variability in the recorded period amongst the weather stations was noticed in the whole 

study site (see Table 3).  

 
Table 3: Data of used weather stations in the study site Goriška Brda. 

Station 

name 

Available 

daily data 

Latitude 

(°) 

Longitude 

(°) 

Elevation 

(m) 

Approx. distance from 

Mediterranean Sea (km) 

Bilje 1962-2016 45.8867 13.6364 52 20 

Vojsko 1961-2016 46.0206 13.9080 1083 36 

Vogel 1982-2016 46.2592 13.8458 1922 75 

Nova 

Gorica 

1970-2000 
45.9512 13.6572 

104 21 

Godnje 1960-2016 45.7504 13.8502 304 10 

Vedrijan 1960-1990 46.0120 13.5503 248 25 

Nanos 1966-2001 45.8120 14.0169 904 22 

Postojna 1961-2016 45.7618 14.1977 556 37 

Koper 1950-1975 45.5287 13.7336 20 7 

Lignano 1999-2016 45.7050 13.1469 15 5 

Fossalon 1999-2016 45.7179 13.4587 12 4 

 

From all weather stations in Goriška Brda study site the temperature parameters were 

measured three times per day: at 7:00, 14:00 and 21:00 hrs. Daily Tmean was calculated 

according to the three measurements during each day (Arso, 2017). 
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 Meteorological datasets in Valencia DO 

In the Valencia DO study site were used eight meteorological stations located within the 

Valencia DO study site and the surrounding area (Fig. 19).  

 

 

 
Figure 16: Location of weather stations in and around the study site Valencia DO. 

 

The selected stations were chosen under following three conditions:  

1. Location of station should be within the study area Valencia DO or no further 

than 120km from the weather station Cheste, located within the study site. With 

a distance of 116km, Abacete weather station is the furthest away from Cheste.  

2. Station should record daily meteorological parameters stated below. 

3. Station should have been recording for a minimum period of 15 years.  

Applying the stated conditions, the stations Llíria and Cheste were chosen due to their 

central location in the viticultural area of Valencia DO (Table 4). To improve the spatial-

climate analysis of the study site, and the impact of the Mediterranean Sea, were chosen 

the stations, which are located between the coastline and Valencia DO: Valencia airport, 

Castellón and Benifaió. The locations of the weather stations Albacete, Cerrito Requena 
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and Teruel are located in inland not far from the study site. They were also chosen to 

enhance the spatial-climate analysis of the Valencia DO site. The parameters used from 

the weather stations were the same as the ones used from the study site Goriška Brda.  
 
 

Table 4: Data of used weather stations at the study site Valencia DO. 

Station 

name 

Available 

daily data 

Latitude 

(°) 

Longitude 

(°) 

Elevation 

(m) 

Approx. distance from 

Mediterranean Sea 

(km) 

Valencia 

airport 

1965-

2016 
39.4867 -0.4735 69 14 

Albacete 
1914-

2016 
38.9502 -1.8500 686 140 

Castellón 
1937-

2016 
39.9892 -0.0406 30 9 

Benifaió  
1999-

2016 
39.2806 -0.4619 35 12 

Teruel 
1986-

2016 
40.3497 -1.1169 915 104 

Requena 
Cerrito 

2000-

2016 
39.5047 -1.2324 810 57 

Lliria 
2000-

2016 
39.6910 -0.6270 250 28 

Moncada 
2000-

2016 
39.5877 -0.3990 35 8 

Cheste 
1999-

2014 
39.5189 -0.7445 110 31 

 

The weather stations in Valencia DO site measured the temperature twice daily: at 6:00 

and 18:00 hrs. Daily Tmean was calculated as an average of the daily maximum and 

minimum temperature (Ecad, 2016). Datasets from defined meteorological stations 

were used for calculations of bioclimatic indices, Tmin frequency, delineation and WR 

analysis. The usage of each dataset from each weather station in this thesis is described 

in Table 5. 
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Table 5: Used datasets from weather stations used in this thesis presented for each type of analysis and 
in which of the six analyses they were used. Grey cells represent the involvement of the weather station’s 
datasets.  
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The daily precipitation data were retrieved from one meteorological station from each 

study site: Bilje in the Goriška Brda (see Fig. 15) site and Valencia airport in the Valencia 

DO (see Fig. 16). Both weather stations were chosen due to their long historical dataset 

and closeness to the study sites. 

 

 Missing data  

 

In some cases, weather stations failed to record daily meteorological parameters, 

usually due to technical problems. Some of the used weather stations experienced 

technical disturbances for one day or more. In these cases, the methodology of linear 
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regression was used to calculate the missing data, using the datasets of the closest 

weather station, which possessed the data from the missing time range (Ferreri & Ozaki, 

2014). The methodology of reconstructing the missing data in daily datasets was used 

to evaluate the most probable values and so there is a measure of uncertainty.  

For the linear regression analysis, the temperature datasets of two weather stations 

were used. The first temperature dataset was derived from the weather station with 

missing data. The second temperature dataset was derived from the topographically 

closest weather station, which contained the temperature data for the missing dates. 

The longest data period was chosen, where there was no missing data provided by both 

stations. From the chosen temperature dataset, was calculated the coefficient of 

determination (Cornell & Berger, 1987), also called the multiple correlation coefficient 

R2, using the Eq. (1). The value of the coefficient of determination is a measure of the 

strength of the correlation between various datasets. In this thesis were compared two 

datasets from two weather stations. The value R2 was between 0 and 1. Values of R2 

closer to 1 mean a stronger correlation and vice versa. R2 stands for coefficient of 

determination, n stands for the number of days included in the statistical analysis which 

calculates the R2, ŷi stands for the daily temperature variable of the station with the 

missing dataset, yi stands for the daily temperature variable of the station without 

missing data and y̅ stands for the Tmean of the station with the missing data. 

 

 
𝑅2 =

∑ (𝑦̂𝑖 − 𝑦̅)2𝑛
𝑖=1

∑ (𝑦𝑖 − 𝑦̅)2𝑛
𝑖=1

 

 

(1) 
 

If R2, revealed a value lower than 0.8, the second closest weather station was found, 

until the condition (R2>0.8) is fulfilled. This case did not occur in this thesis. The 

substitution of the missing data was done with a linear adjustment, using the linear 

equation of the trendline (Tardivo & Berti, 2012). This procedure was used for Tmin, 

Tmax and Tmean datasets. The missing precipitation data were filled with the data from 

the closest station containing the missing data. The calculations of bio-climatic indices 

HI and WI (Huglin, 1978; Anderson et al., 2012) were conducted with the temperature 

datasets, which did not include more than seven consecutive days with no daily 

temperature data during the analysis period of each bioclimatic index. Each bioclimatic 

index uses its own analysis period, which generally corresponds to the growing season 

of grapevine in the Northern Hemisphere. In the event of missing data longer than seven 

consecutive days, the bioclimatic index of that particular year was not included in the 

further analysis. Among eleven weather stations were used in the Goriška Brda site, 

there were encountered five weather stations with more than eight consecutive days 

with missing temperature data during growing season (see Table 6).  
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Table 6: Weather stations with corrected datasets in Goriška Brda. In the extreme right column are stated 
the years with more than 8 consecutive days of missing temperature data. These years were not used in 
the calculations of bioclimatic indices. The “/” stands for the weather station from which were not 
encountered 8 consecutive days of missing temperature data, therefore the whole year’s data were used 
in bioclimatic indices analyses. 

Station with missing data Station with correction data Years not used in calculation 
of bioclimatic indices 

Bilje Vojsko 2003, 2008 
Vojsko Bilje 2003, 2008 
Vogel Vojsko 1994 
Nova Gorica Godnje 1991, 1993 
Godnje Nanos / 
Vedrijan Nova Gorica / 
Nanos Postojna 2001 
Postojna Nanos 2001 
Koper No correction needed / 
Lignano No correction needed / 
Fossalon No correction needed / 

 

In Valencia DO study site, there were encountered three weather stations with missing 

data, which were corrected by two stations (Table 7).  

 
Table 7: Weather stations with corrected datasets in Valencia DO. In the far right column are the years 
with more than 8 consecutive days of missing temperature data. These years were not used in the 
calculation of bioclimatic indices. The “/” stands for the weather station which did not encounter eight 
consecutive days of missing temperature data, therefore the whole year’s data were used in bioclimatic 
indices analyses. 

Station with missing data Years not used in 
calculations of bioclimatic 

indices 

Years not used in 
calculations of bioclimatic 

indices 

Valencia airport Castellón 1965 
Albacete Valencia airport 1935-1939 
Castellón Valencia airport 1938-1940, 1952, 2010-2014 
Benifaió  No correction needed  / 
Teruel Castellón 2011-2016 
Cerrito No correction needed / 
Llíria No correction needed  / 
Cheste No correction needed  / 

 

Filling the time series with statistically calculated data from neighbouring stations 

generates a certain level of uncertainty (Ferreri & Ozaki, 2014). Nevertheless, the time 

periods with corrected datasets were sufficiently short as to not affect the overall results 

significantly. 

 

2.4 Bioclimatic indices  

 

Climatic indices for viticulture, combining various components (temperature, rainfall, 

relative humidity, sunshine duration, water balance, etc.) were developed to describe 
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each region’s viticultural potential. The bioclimatic indices HI and WI were calculated, 

with the purpose of defining general guidelines for the potential quality and style of 

wine (Winkler et al., 1974; Briche et al., 2014) and the DI to assess the water availability 

in the soil (Riou et al., 1994; Tonietto & Carbonneau, 2004). HI is derived from the 

observed or simulated daily temperature in a certain period and is correlated with wine 

growth and sugar concentration in berries. It is classified into six HI classes, where each 

class suggests a grape variety according to the number of points in a class (see Table 8). 

 
Table 8: HI classes with corresponding suggested grape varieties (Tonietto and Carbonneau 2004). 

Huglin 
class 

Class points Suggested grape varieties 

 
Very cold ≤ 1500 

Only the early cultivars that can reach maturity, especially 
the white varieties (i.e. Muller-Thurgau, Pinot blanc, Gamay 
and Gewurztraminer) 

Cold 1500-1800 Riesling, Pinot noir, Chardonnay, Merlot and Cabernet franc  
Cool 1800-2100 Cabernet-Sauvignon, Ugni Blanc and Syrah  
Warm 2100-2400 Grenache, Mourvèdre and Carignan  
 
Hot 2400-3000 

Potential which exceeds the heliothermal needs to ripen the 
varieties, even the late ones (with some associated risks of 
stress). 

Very hot >3000 There is no heliothermal constraint for the grapes to ripen. 

 

It is calculated according to Eq. (2) for each year from April to September in the Northern 

Hemisphere. The sum of the daily Tmean and daily Tmin is more than 10°C (Huglin, 

1978). If the sum was less than 10°C, zero HI points were designated for that particular 

day. The day length coefficient k, which is defined according to the latitude, was defined 

as 1.02 for Valencia DO and 1.04 for the Goriška Brda study site. Coefficient k is defined 

by geographical latitude (Tonietto and Carbonneau, 2004). 

 

 

𝐻𝐼 =  ∑
(Tmean − 10) + (Tmax − 10)

2

30 sep

1 apr

∙ k 

 

(2) 
 

 

The WI estimates the characteristics of geographical zones and the local adaptation of 
grape varieties (Winkler et al., 1974). It is classified into five different regions with 
designated suggested grape varieties (Table 9).  
 
Table 9: WI regions with recommended grape varieties (Tonietto & Carbonneau 2004). 

Winkler regions Class points Suggested grape varieties 

Region 1 850-1389 Pinot noir, Riesling, Chardonnay, Gewurztraminer, Pinot 
grigio and Sauvignon blanc 

Region 2 1389-1667 Cabernet sauvignon, Chardonnay, Merlot, Semillon, 
Syrah 

Region 3 1671-1950 Grenache, Barbera, Tempranillo and Syrah 
Region 4 1951-2220 Carignan, Cinsault, Mourvedre and Tempranillo 
Region 5 >2221 Primitivo, Nero d’avola, Palomino and Fiano 
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It is calculated according to Eq. (3) for each year from April to October. The days with a 
Tmean of less than 10°C were given zero WI points. The threshold of 10°C was adopted, 
due to phonologically activity, which begins when daily Tmean exceeds 10°C (Huglin & 
Schneider, 1998). Tmean stands for daily Tmean and Tmin stands for daily Tmin 
(Tonietto & Carbonneau, 2004). 
 
 

𝑊𝐼 = ∑ (𝑇𝑚𝑒𝑎𝑛 − 10°𝐶)

31 𝑜𝑐𝑡

1 𝑎𝑝𝑟

 

 

(3) 
 

The DI is defined according to the adaptation of the potential water balance of the soil 
index of Riou (Riou et al., 1994). It was developed to assess potential water availability 
in soil, for viticulture purposes (Fraga, 2014). It is calculated by using the initial useful 
water reserve accessible by the roots, the amount of precipitation, the potential plant 
transpiration and the direct soil evaporation (Tonietto & Carbonneau, 2004), as defined 
in Eq. (4). Daily data for evapotranspiration and daily precipitation for the Goriška Brda 
study site were retrieved from the Ministry of the environment and spatial planning of 
the Republic of Slovenia (Arso, 2017). The same climatic parameters were retrieved from 
the Valencia DO study site from the Instituto Valenciano de Investigaciones Agragarias 
(IVIA, 2017).  
 

 𝑊 = 𝑊0 + 𝑃 − 𝑇𝑣 − 𝐸𝑆 
 

(4) 
 

𝑊 stands for estimation of soil water reserve defined for the six month period. 𝑊0 

stands for initial useful soil water reserve which is accessible by the roots. According to 

the definition of the DI, the 𝑊0 should not exceed 200 mm. 𝑃 stands for amount of 

precipitation per month in mm, 𝑇𝑣 stands for potential transpiration and 𝐸𝑆 in Eq. (5), 

stands for direct evaporation from the soil. 𝐸𝑇𝑃 stands for monthly total of potential 

evapotranspiration using the Penman method (Penman, 1948) and 𝑘 stands for 

coefficient of radiation absorption by vine plant. For the Northern Hemisphere, where 

both study sites are located, the value 𝑘 was adopted as value 0.1 for April, 0.3 for May 

and 0.5 for June, July, August and September. 

 

 𝑇𝑣 = 𝐸𝑇𝑃𝑘 
 

(5) 
 

   
In Eq. (6) is given the definition of 𝐸𝑆, where 𝐸𝑇𝑃 stands for monthly total of potential 

evapotranspiration, 𝑁 stands for number of days in the month and 𝐽𝑃𝑚 stands for the 

number of days of effective evaporation from the soil per month. Value of 𝐽𝑃𝑚 is 

defined equal or lower of the number of days per month.  

 

 
𝐸𝑆 =

𝐸𝑇𝑃

𝑁
 (1 − 𝑘)𝐽𝑃𝑚 

 

(6) 
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According to the definition of the DI (Tonietto & Carbonneau, 2004), the 𝑊0 should not 

exceed the value of 200 mm and 𝑊 should not be more than 𝑊0. The DI is divided into 

four specific classes, according to the value of the index (see Table 10). 

 
Table 10: Definition of DI classes. 

DI class Class interval Acronym 

Very dry ≤ – 100 DI + 2 
Moderately dry ≤ 50 and >- 100 DI + 1 
Sub-humid ≤ 150 and > 50 DI – 1 
Humid  > 150 DI – 2 

 

Descriptions of each DI class adopted by Tonietto and Carbonneau (2004): 

 

• Very dry areas experience an extensive lack of water resources, which leads to 

frequent hydric stress. Grapevine needs irrigation to grow. Areas with lower than 

-100 mm of DI are characterised as having a high water deficit. The regions 

characterized with -200 mm are defined as having a high deficit of available 

water. Plant can suffer severe stress, if not sufficiently irrigated. Examples of 

these wine areas are: Jerez de la Frontera (Spain), Ica (Peru) and Nuriootpa 

(Australia).  

 

• In Moderately dry areas, a plant can potentially suffer frequent dryness. 

Irrigation is applied in most cases. Plants experience significant stomatal 

regulation, which is beneficial for maturation process. Irrigation is used in some 

cases. The regions defined with a DI less than 50 mm, are classified as 

Mediterranean type climate, exposed to water deficit. Examples of these areas 

are Montpellier (France) and Madeira (Portugal). 

 

• Sub-humid areas experience absence of dryness. The minimum threshold of 50 

mm is a critical value in defining the minimum water balance for the vine plant 

during periods of frequent summer dryness. Consequently, it is a good indicator 

to characterize areas with absence or presence of frequent dryness. Examples of 

these wine regions are Bordeaux, Napier (New Zealand), Reims (France) and 

Champagne (France). 

 

• The Humid class areas experience high absence of dryness, with high availability 

of water resources. The excess of water balance can affect the quality of the 

yield. Best grape quality is achieved in less humid years. Examples of these wine 

areas are: Bento Gonçalves (Brazil), Serra Gaúcha (Brazil), Freiburg (Germany), 

Macon (France) and Bourgogne (France). 

 

2.5 Minimum temperature frequency 

Cool and extreme hot temperatures influence the initiation of biological processes of 

the vine (Creasy & Creasy, 2009). Furthermore, the viticultural potential is defined by 
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various components, especially by Tmean, Tmax and Tmin (Deloire et al., 2005), which 

is particularly important in the ripening season of vine. The minimum frequency 

temperature was calculated for two periods: in the year 2000 and in the year 2016. The 

time periods were chosen due to the availability of meteorological data at the maximum 

number of weather stations in Goriška Brda and Valencia DO viticulture sites. The margin 

of 2°C was chosen for calculations to better understand the temperature frequency, the 

same as in the study of Bonnardot (2012).  

  

2.6 Datasets of future climate scenarios 

The aim of this thesis is to conduct research under two scenarios, creating margins 

between the most “optimistic” and the most “pessimistic” scenarios. The scenario 

RCP2.6 is defined as too “optimistic” for the type of future analysis conducted in this 

thesis, therefore, scenario RCP4.5 was chosen as the optimistic scenario. It is known by 

its low-emission nature and it should stabilize the concentration of radiative forcing at 

approx. 4.5 W/m2 by the year 2150 (Van Vuuren et al., 2011). The RCP8.5 scenario was 

chosen due to its nature of modelling the future in the upper margin and is the 

pessimistic future scenario. It represents a ‘do nothing against the climate change’ 

scenario. It is also called “the worst case scenario” (Wayne, 2013). Stabilizing 

concentration of radiative forcing should be achieved at approx. 12 W/m2. The RCP6 was 

not considered in this study due to its ‘middle of the road’ nature, being between RCP4.5 

and RCP8.5 scenario. By using scenarios RCP4.5 and RCP8.5, it was possible to analyse 

two alternative futures and create the most likely future between the chosen margins. 

Regional Climate Models (RCM) were chosen due to their higher spatial resolution, 

compared to the General circulation models. Datasets of future climate scenarios used 

in thesis, were retrieved from two sources, due to their different spatial resolution and 

different reference and future projection periods: Worldclim (Hijmans et al., 2005) and 

Euro-Cordex (Jacob et al., 2014; Euro-Cordex, 2017). 

Worldclim data were used in temperature analysis in the Goriška Brda site (see 2.8.1). 

The dataset was retrieved within the framework of the CMIP5 dataset, for two periods: 

reference period 1950-2000 and future period 2041-2060. The future dataset of average 

monthly Tmin and Tmax was used under RCP4.5 and RCP8.5 scenarios. The data were 

downloaded from tile 16 with a 30 arc-second resolution grid. With the GIS tool were 

obtained the temperature dataset for each location of the three weather stations 

included in this analysis. The dataset Worldclim was chosen due to its high resolution 

(30 arc-second grid, approx. 1 km x 1 km) (see Table 11).  
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Table 11: Descriptions of climate model datasets used in this thesis. Analysis number refers to an analysis 
number specific to this thesis.  

Model 
datasets 

Spatial 
resolution 

Analysis 
period 

Purpose Analysis 
number 

Study site 

Worldclim 1 km x 
1 km 

1950-
2060 

• Elaboration of the future 
temperature model 

2 Goriška 
Brda 

Euro-
Cordex 

12.5 km x 
12.5 km 

1985-
2100 

• Elaboration of the future 
temperature model 

• Bioclimatic indices 
analysis 

• WR analysis 

3,4 and 
6 

Goriška 
Brda 
and 
Valencia 
DO 

 

The CORDEX datasets were used from the RCM simulations used in Europe, called Euro-

Cordex (Vautard et al., 2013). It offers two spatial resolutions: 0.44 degree (approx. 

50km x 50km) and 0.11 degree (approx. 12.5km x 12.5km). Using the Euro-Cordex (Euro-

Cordex, 2017) internet site, the datasets for the RCP4.5 and RCP8.5 scenarios were 

downloaded. The datasets for scenarios RCP4.5 and RCP8.5 were retrieved for the 

location of each station by using the statistical software tool R (Robitzsch et al., 2019). 

The dataset contained the following climate parameters and time periods: daily Tmin 

(1985-2100), daily Tmax (1985-2100) and daily precipitation (1985-2100). In the 

reference period 1985-2005, the dataset included one scenario. In the period 2005-2100 

were retrieved the RCP4.5 and RCP8.5 scenarios. In each analysis a particular 

methodology was used applying different input datasets, study periods, climate models 

and calculated parameters (see Table 12). 
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Table 12: Overview of input data and outcomes for each analysis in this thesis. The weather stations used 
in each analysis are described in Table 5. 

Analysis name Study 
site 

Period Model datasets Calculated parameters 

A1: Historical spatial-
temporal analysis of 
temperature and 
Dryness index (1965-
2013) 

Goriška 
Brda and 
Valencia 
DO 

1965-
2013 

/ Temperature, HI, WI, DI 
and Tmin frequency. 

A2: Future 
temperature modelling 
in Goriška Brda study 
site (2041-2060) 

Goriška 
Brda 

1950-
2060 

Worldclim Temperature. 

A3: Spatial-temporal 
analysis of 
temperature and 
bioclimatic indices 
(1965-2100) 

Goriška 
Brda and 
Valencia 
DO 

1965-
2100 

Euro-Cordex Temperature, HI and 
WI. 

A4: Spatial-temporal 
analysis of 
temperature and 
precipitation (1985-
2100) 

Goriška 
Brda and 
Valencia 
DO 

1985-
2100 

Euro-Cordex Temperature and 
precipitation. 

A5: Assessment of 
viticultural potential 
and delineation in 
Goriška Brda 

Goriška 
Brda 

/ / Map of homogeneous 
viticultural zones with 
their viticultural 
potential. 

A6: Assessment of WR 
in Valencia DO (1985-
2100) 

Valencia 
DO 

1985-
2100 

Euro-Cordex WR for Tempranillo, 
Bobal and Moscatel. 

  

2.7 Analysis 1: Historical spatial-temporal analysis of temperature and 

bioclimatic indices (1965-2013)    

The purpose of this part of this analysis is to provide an analysis of temperature, and 

influence of the sea on Goriška Brda and Valencia DO for the period 1965-2013. Both 

viticulture sites share similar topographical conditions (see Fig. 14) and benefit from, 

and are influenced by the Mediterranean Sea’s climate as they are approx. 80km from 

the Mediterranean coastline. According to their length of historical data and proximity 

to the study sites, four weather stations were chosen. In each site, it was chosen one 

weather station between the study site and the Mediterranean coastline and the second 

one further away from the study area, more inland. In Goriška Brda were used two 

additional meteorological stations. Station Bilje lies approx. 14km from the coastline of 

the Mediterranean Sea and Vojsko approx. 35km from the Mediterranean coastline (see 

Fig. 15). In the Valencia DO study site were chosen two meteorological stations. Station 

Valencia airport is located approx. 13 km and Albacete approx. 140 km from the 

Mediterranean coastline (see Fig. 16). From each meteorological station, was retrieved 

the temperature dataset for the historical period 1965-2013. Furthermore, the spatial 
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analysis of bioclimatic index DI and minimum temperature were conducted in both 

study site for the period 2000-2016. 

 

 Temperature statistical analysis  

The historical temperature model was elaborated, using the historical temperature data 

from both study sites. It represents the temperature progress from four weather 

stations during the last five decades in both study sites. From each meteorological 

station were retrieved daily Tmin, Tmax and Tmean. At all four weather stations, daily 

Tmean was calculated according to several daily measurements. In Slovenia’s site, each 

day three measurements were performed: at 7:00, 14:00 and 21:00 hrs. The data were 

retrieved from the Slovenian Environment Agency (Arso, 2017). From the three daily 

measurements, the minimum and the Tmax were selected. Daily Tmean was calculated 

from the daily three measurements. At the site in Spain, there two daily measurements 

were performed: at 6:00 and 18:00 hrs. Data were retrieved from the European Climate 

Assessment and Dataset (Ecad, 2016). From the two daily measurements, the minimum 

and the Tmax were selected. Daily Tmean was calculated from daily measurements. For 

defining tendency of annual temperatures during the analysis period, was used linear 

regression. The temperature fluctuation at all four weather stations was compared to 

define the spatial temperature variability and possible impact of water masses like the 

Mediterranean Sea.  

 

 Bioclimatic indices statistical analysis 

The HI and WI bioclimatic indices (Tonietto & Carbonneau, 2004) (see 2.4) were 

calculated, using the daily temperature data for the period 1965-2013. The tendency of 

both bioclimatic indices was defined with linear regression. Using bioclimatic indices, 

the temporal and spatial variety of suggested grape varieties were defined in both study 

sites. The comparison analysis was performed, to define differences between the two 

viticultural areas.  

 

 Spatial-temporal analysis of minimum temperature frequency analysis 

Spatial analysis of daily Tmin ranges was conducted in both viticultural sites, to analyse 

the optimum night temperature requirements for colour and flavour development of 

berries (Bonnardot et al., 2012). The analysis was conducted in both study sites using 

datasets from seven weather stations from each site (see Table 5). In the study site 

Goriška Brda, were used the following weather stations: Vogel, Vojsko, Postojna, 

Godnje, Bilje, Fossalon and Lignano (see Fig. 15). In the study site Valencia DO, were 

used the following weather stations: Valencia_airport, Albacete, Llíria, Castellon, 

Benifaió, Cheste and Teruel (see Fig. 16). Input data in this analysis were daily Tmin. For 

spatial-temporal analysis of Tmin frequency, years 2000 and 2016 were selected.  
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 Spatial-temporal analysis of Dryness Index 

The potential water balance of the soil was analysed in both viticultural sites for the 

period 2000-2016, using the bioclimatic index DI (see 2.4). Three weather stations were 

chosen from each study site (see Table 5) due to their available datasets and closeness 

to the study areas: Postojna, Bilje and Godnje in Goriška Brda (see Fig. 15) and Llíria, 

Cheste and Benifaió in Valencia DO site (see Fig. 16). Similar DI analysis was conducted 

on other viticultural areas in Europe and Africa for the periods 1980-2009 and 1950-

1979 (Santos et al., 2013), however in this thesis, the analysis was conducted on a local 

scale. 

 

2.8 Analysis 2: Future temperature modelling in Goriška Brda study site (2041-

2060) 

Objective of this research is to conduct temperature analysis of temperature model and 

observed temperature during the last five decades in the Goriška Brda viticultural site 

by using the Worldclim datasets, which was also used in the same study site in Analysis 

5 (see 2.11). Therefore, this analysis was conducted only in Goriška Brda due to the 

comparison analysis between the lower (Euro-Cordex) and higher (Worldclim) spatial 

resolution and to define the correlation between them. Observation data were retrieved 

from three weather stations in the Goriška Brda site: Vedrijan, Bilje and Vojsko (see 

Table 5 and Fig. 15). From the meteorological stations were retrieved observed daily 

minimum and Tmax for specific periods. Each weather station recorded air temperature 

daily at 7.00, 14:00 and 21:00 hrs. From the three-daily data, minimum and Tmax were 

selected. Depending on the available daily temperature datasets from each station, the 

periods of observation datasets were chosen differently. From Vojsko station were 

retrieved data for the period 1961-2000, Bilje for the period 1962-2000 and Vedrijan for 

the period 1960-1990. Data from the weather stations were retrieved from the Ministry 

of Environment and spatial planning of Republic of Slovenia (Arso, 2017). There were no 

available meteorological data before the year 1961 in the above mentioned weather 

stations. The temperature analysis was conducted using the observed temperature data 

from the three meteorological stations and the Worldclim dataset for the period 1950-

2000. For the comparison between observed and Worldclim data, the average monthly 

temperature was calculated, using the mathematical average of daily measurements. 

With the gathered temperature data for the time period 1950-2000, the observed 

weather station data was compared with modelized data from the Worldclim dataset. 

The future temperature simulation was calculated from the observation data on each 

weather station. From the comparison analysis of modelized and observation data for 

the period 1950-2000, it was calculated the function to calculate the future scenario for 

the time period 2041-2060. Afterwards, the comparative analysis between observed 

(1950-2000) and future modelized (2041-2060) temperatures was conducted at each 

weather station. The averages of monthly temperatures in all three weather stations 

were calculated and compared between future simulated and observation data.  
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 Future modelling calculations 

Input data used in this analysis were from two sources. Observed monthly temperature 

datasets of maximum and minimum average monthly temperature were retrieved from 

all three meteorological stations for the defined time periods. Modelized data were 

retrieved from the Worldclim dataset. For each station were retrieved modelized 

datasets under RCP4.5 and RCP8.5 scenarios for the period 2041-2060. The average 

maximum monthly temperature was calculated at each meteorological station, using 

available observation data in the period 1962-2000. The monthly average Tmax was 

calculated from all three stations. From the modelized Worldclim dataset, it was 

calculated the average monthly Tmax for two periods: 1950-2000 and 2041-2060 in each 

weather station. Afterwards, the monthly average Tmax was calculated from all three 

stations for the periods 1950-2000 and 2041-2060. For calculation of future monthly 

Tmax in Eq. (7), it was used the correction value 𝑘, which defines the correction factor 

between observed and modelized average monthly Tmax. Tmax_m_b stands for 

modelized average monthly temperature for the period 2041-2060, Tmax_m_a stands for 

modelized average monthly temperature for the period 1950-2000 and k stands for 

correction factor. 

 

𝑘 =
𝑇𝑚𝑎𝑥_𝑚_𝑎

𝑇𝑚𝑎𝑥_𝑚_𝑏
 

 

(7) 
 

The corrected average monthly Tmax was calculated by using the correction factor 𝑘 in 

Eq. (8). Tmax _c_b stands for average monthly Tmax for the period 2041-2060, k stands 

for correlation factor defined in (7) and Tmax _o_a stands for average observed monthly 

Tmax for the period 1950-2000. 

 

𝑇max _𝑐_𝑏 = 𝑘𝑇max _𝑜_𝑎 
 

(8) 
 

The same calculations were used to calculate the corrected average monthly Tmin. The 
average was calculated using the mathematical average of Tmin and Tmax. It was 
conducted spatial-temporal analysis using temperature observations and calculated 
temperature model. 
 

2.9 Analysis 3: Spatial-temporal analysis of temperature and bioclimatic indices 

(1965-2100) 

Objective of this research is to conduct a critical analysis of the last five decades of 

temperature data in both study sites, by using daily temperature data from the three 

weather stations. The second objective was to elaborate the future climate model under 

RCP4.5 and RCP8.5 scenarios, until the year 2100 on a local scale. The third objective 

was to elaborate on two future models to determine grape varieties suitable to grow 

during the period 1985-2100. One of the future models was defined by bioclimatic 

indices HI and the second one with WI. The choice of weather stations was made 

according to the longest available historical datasets of temperature and the location 
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rule: at least one station had to be located close to the seacoast and another in the 

countryside. In Goriška Brda site were selected three (Vojsko, Godnje and Bilje) and in 

Valencia DO one weather station (Valencia airport) (see Table 5, Fig. 15 and Fig. 16), with 

daily temperature datasets from 1965 onwards. In the further analysis, the Tmean 

values were used from the three weather stations. From the retrieved daily data, daily 

maximum and minimum temperatures were defined. Daily Tmean was calculated from 

the three measurements each day. Modelized data were retrieved from the Euro-

Cordex data base (Euro-Cordex, 2017). The Dataset contained the daily Tmin and Tmax 

for the reference period 1985-2005 and future RCP4.5 and RCP8.5 scenarios for 2005-

2100 (IPCC, 2014). Average daily temperature value was calculated by using the 

mathematical mean from daily maximum and minimum temperatures.  

The calculations for bioclimatic indices HI and WI are explained in section 2.4 and 2.5. In 

addition to absolute temperature analysis, temperature anomaly was used to determine 

the temperature progress during the analysis period. Temperature anomalies are most 

used in future sceneries (Hidore et al., 2010). In Eq. (9), ∆𝑇 stands for temperature 

anomaly, 𝑇𝑖 stands for measured temperature and Tmean stands for average 

temperature of the reference value (IPCC, 2007). 

 

∆𝑇 = 𝑇𝑖 − 𝑇𝑚𝑒𝑎𝑛 
 

(9) 
 

The reference value is defined as a 30 year long period, which defines the climate 

(Arguez & Vose, 2011). The reference period defined in this analysis, was from 1965 to 

1993.  

 

2.10 Analysis 4: Spatial-temporal analysis of temperature and precipitation 

(1967-2100)  

The objective of this research is to provide a critical and comparative analysis of 

temperature during the observation period (1985-2016), and to elaborate on future 

scenarios RCP4.5 and RCP8.5 for both study sites. In order to conduct the spatial-

temporal analysis, fifteen weather stations were determined. Seven from the study site 

Valencia DO (Albacete, Requena, Cheste, Llíria, Valencia airport, Teruel and Castellón) 

and eight from the Goriška Brda site (Lignano, Vedrijan, Bilje, Nova Gorica, Godnje, 

Vogel, Vojsko and Nanos) (see Table 5, Fig. 15 and Fig. 16). The input datasets observed 

in this analysis were daily Tmin and Tmax from each weather station for the period 1985-

2016 and modelized daily Tmin and Tmax for each weather station. Modelized data were 

retrieved from the Euro-Cordex dataset (Euro-Cordex, 2017). It contained daily Tmin and 

Tmax for the reference period 1985-2005 and future RCP4.5 and RCP8.5 scenarios for 

2005-2100. Tmean values were calculated using the mathematical mean from the Tmin 

and Tmax values. The analysis was conducted in two stages. For the spatial-temporal 

analysis of each study site, the observation datasets daily Tmin, Tmax and Tmean were 

retrieved from every participating weather station and utilised in this analysis for the 

period 1985-2016. Using the modelized daily Tmin, Tmax and Tmean data, the spatial-

temporal analysis was conducted in both study areas for the period 1985-2100.  
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The comparison analysis between both study sites is presented in the second part. The 

daily mean values of daily Tmin, Tmax and Tmean for observed and modelized datasets 

were calculated using datasets from the weather station Bilje in the Goriška Brda study 

site. The same methodology was used in the Valencia DO study area, using the Valencia 

airport weather station. In the analysis period 1985-2016, there were two types of 

dataset: observed and modelized. In order to compare both datasets, the correlation 

analysis between the two data types was conducted, to define the strength of 

correlation. From both data types, the annual average absolute temperature difference 

was calculated by Eq. (10). Absolute temperature difference was calculated for annual 

Tmin, Tmax and Tmean. Tobs stands for annual average observed temperature, Tmod 

stands for annual average modelized temperature. 

 

𝑇𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  |𝑇𝑜𝑏𝑠 − 𝑇𝑚𝑜𝑑|  

 
(10) 
 

To define the strength of correlation, the mathematical average of the 30 year period 

(1985-2014) was used. Statistical and comparison analysis were conducted of both study 

sites, using the observed and modelized mean annual temperature data for each study 

site (minimum, maximum and average). The precipitation analysis was conducted for 

the period 1967-2100 on two weather stations: Valencia airport (Valencia DO) and Bilje 

(Goriška Brda) (see Fig. 15 and Fig. 16). Observation dataset for precipitation was 

available from 1967-2016 and modelized dataset from 1985-2100. 

 

2.11 Analysis 5: Assessment of viticultural potential and delineation in Goriška 

Brda  

The analysis of viticultural potential and suitability classification in this research is based 

on fourteen environmental factors, which represent relief, climate and soil of the 

viticultural area. They are: average annual temperature (AAT), average temperature of 

the warmest month July (TWM), global radiation (GR), actual sunshine duration (ASD), 

precipitation during the 6 months growing season (PP), sum of effective temperatures 

(SET), length of the growing season (LGS), actual heliothermal index (IHa), oenoclimate 

aptitude index (IAOe), clay content (Cly), humus content (Hum), soil skeleton/gravel 

content (Gra), slope (S) and aspect (A). The growing season was defined as from the 1st 

of April to the 30th of September (Huglin & Schneider 1998). These environmental 

factors largely determine the viticultural potential and its spatial distribution in wine 

regions located in temperate zones. The spatial dataset for the 14 environmental 

parameters used in this study, was downloaded from the Ministry of the environment 

and spatial planning of Slovenia (Surveying and Mapping Authority of the Republic of 

Slovenia, 2019) and from the weather station Bilje in cooperation with the Slovenian 

Environment Agency (Arso, 2017). The station Bilje was selected due to its available 

historical climatic dataset and its proximity to the study site (see Fig. 17). 
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Figure 17. Location of study site Brda, weather station Bilje and points where soil analysis was conducted. 
Gr. Ravne stands for Grgarske Ravne.  

 

For spatial analysis, the classification of suitability ranking points of environmental 

factors were adopted from the methodology by Irimia et al. (2014). The bioclimatic 

viticultural index (Constantinescu, 1967) was excluded in the spatial analysis, because 

previous results (González-Hidalgo et al., 2002; Irimia et al., 2014) showed that it was 

not relevant in the assessment of viticultural potential of areas characterized by ‘Cfa’ 

climate (Peel et al., 2006). For each environmental factor was determined the suitability 

class, ranked according to the production of different types of wine. The environmental 

parameters were classified into four suitability classes: from the fourth class, not 

suitable for viticulture, up to the first class, suitable for quality red wine production. The 

precise representation of values of environmental factors and bioclimatic indices were 

achieved by their annual averages (see Table 13). 
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Table 13: Environmental parameters with defined suitability classes. Definitions and calculations of each 

environmental parameter are given below.  

Environmental 
categories 

Environ-
mental 

parame-
ters 

Suitability classes† 

IV III II I 

Restrictive 
for 

grapevine 

White table 
wines, spar-

kling wines and 
wines for 
distillates 

Quality 
white 
wines 

Quality 
red wines 

Climatic factors 
and bioclimatic 
indices 

AAT (°C) <8.5 8.5-9.3 9.4-10.0 10.1-11.2 
TWM (°C) <18.0 18.1-19.0 19.8-21.0 21.1-22.0 
GR 
(kcal/cm2) 

<80 80-83.9 84.0-86.9 87.0-92 

ASD (hours) <80 80-83.9 84.0-86.9 87.0-92 
PP (mm) 0 >390 <250 251-390 
SET 1045-1675 <1045 1045-1200 1201-

1400 
LGS (days) 160-210 <160 160-175 176-190 
IHa 1.36-2.66 <1.36 1.36-1.70 1.71-2.20 
IAOe 3793-4600 <3793 3793-4300 4301-

4600 

Pedological 
factors 

Cly (%) 6-40 >40 <15 25-40 
Hum (%) 1.5-4.0 0 3.1-4.0 2.1-3.0 
Gra (%) 0-40 >40 <10 30-40 

Topographical 
factors 

S (%) 0-28 0 <8 >15 
A 0 0 NW, N, NE E, W 

AAT, average annual temperature; TWM, average temperature of the warmest month; GR, global radiation; ASD, 
actual sunshine duration; PP, precipitation in the growing season; SET, sum of effective temperatures; LGS, length of 
the growing season; IHa, actual heliothermal index; IAOe, oenoclimatic aptitude index; Cly, clay content; Hum, humus 
content; Gra, soil skeleton/gravel content; N, north; E, east; W, west; S, slope; A, aspect. †Suitability classes of 
environmental categories according to the production of different types of wine. 
 

Ranking of viticultural potential is classified into four suitability classes defined by 
ranking points derived from the following calculations (see Table 14). 
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Table 14: Viticultural potential defined by ranking points and suitability class according to Irimia et al. 
(2014) 

Suitability 
class 

Ranking 
points 

(average) 

Viticultural potential 

I 10 Suitable for quality red wines. 

9 Suitable for red quality wines and secondary for white quality wines. 

II 8 Suitable for quality white wines and secondary for red table wines.  

7 Suitable for white quality wines. 

III 6 
 

Suitable for white table wines, sparkling wines, wines for distillates 
and for white quality wines in very suitable years in terms of climate. 

5 Suitable for white table wines, sparkling wines and wines for 
distillates. 

IV 0 to 4 Unsuitable for grape production. 

 

Ranking points, suitable for grape production, start with the value “5”, which indicate 

the minimum conditions for the growing of grapevine. Class III indicates areas with a 

viticultural potential suitable for specific wines, which cannot be characterised as low 

quality wine, due to their particular situation: grape varieties producing large yields 

generally provide lower quality regardless of location. Sparkling wines, produced from 

grapes in class III areas, could be of high quality. These zones are suitable for the 

production of grape varieties which produce large yields. In this research seven datasets 

were used, described in Table 15.  
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Table 15: Description of input data.  

Input data Time 
interval 

Description of input data 

Monthly 
temperature 
(°C) 

1980-
2014 

Average monthly temperatures: For purposes of mapping 
monthly temperatures, temperature data from Bilje weather 
station, and altitude gradients derived from NewLocClim 
software, for the whole of Slovenia were used.  

Precipitation 
(mm) 

1980-
2014 

Average monthly precipitations: for the mapping of monthly 
precipitation, precipitation data from Bilje weather station and 
altitude gradients derived from correlations between altitude 
and the Worldclim precipitation dataset (WorldClim, 2016) were 
used.  

Daily global 
radiation 
(kcal/cm2) 

1995-
2014 

Global radiation dataset was retrieved from Bilje weather station 
(Arso, 2017).  

Daily sunshine 
duration 
(hours) 

1980-
2014 

Sunshine duration dataset was retrieved from Bilje weather 
station (Arso, 2017). 

 LGS (days) 1980-
2014 

Interval was defined by the average daily temperatures >=10 °C, 
retrieved from Bilje weather station (Arso, 2017). 

 DEM - Data were used with a spatial resolution of 12.5 x 12.5 meters for 
the viticulture site Brda and its surroundings. The dataset was 
obtained from the Ministry of the environment and spatial 
planning of Slovenia (Surveying and Mapping Authority of the 
Republic of Slovenia, 2019). 

Soil 
characteristics 

2008 Data were retrieved from ten data points located in the Brda 
region and its surroundings (see Fig. 2). The percentage of 
humus, clay and gravel content were retrieved from each data 
point from the upper soil layer (0-20cm). The points and their 
datasets were retrieved from the project “Research of soil 
pollution in Slovenia” (Zupan et al., 2008). 

LGS, length of the growing season; DEM, digital elevation model;  

 

The environmental parameters were classified into four suitability classes: from not 

suitable for viticulture up to suitable for grape production for quality red wine (see Table 

16).  
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Table 16: Calculation details of climatic factors. 

Climatic factor Calculation details 

AAT Calculated as annual mean temperature of 34 years (period 1980 to 
2014), calculated from three daily observations: at 7:00, 14:00 and 21:00 
hrs. (Arso, 2017), expressed in degrees Celsius. 

TWM Calculated as the average of 34 years (period 1980 to 2014) of the 
warmest month July, expressed in degrees Celsius. 

GR Calculated from the growing season (April to September), as the average 
of 19 years (1995-2014), expressed in kcal/cm2. 

Real insolation Calculated from the growing season (April to September) as the average 
of 34 years (1980-2014), expressed in hours.  

Precipitation Calculated from the growing season (April to September) as the average 
of 34 years (1980-2014), expressed in millimetres. 

SET Calculated from the growing season (April to September) as the average 
of 34 years (1980- 2014), using equation (1), expressed in degrees 
Celsius. 

LGS Calculated from the average length of growing season (April to 
September) of 34 years (1980-2014). 

IHa Calculated from the growing season (April to September) as an average 
of 34 years (period 1980 to 2014), using equation (2). 

IAOe Calculated from the growing season (April to September) as an average 
of 34 years (1980- 2014), according to the equation (3).  

Cly, Hum and Gra Data were retrieved from 10 points located in the Brda site and its 
surroundings. Each pedological factor is expressed in percentage. 

Slope Calculated from the DEM of the region. The values are expressed in 
percentage. 

Aspect It is a derivate from DEM for the Brda region. The meanings of symbols 
N, E, S and W: N stands for north, E stands for east, S stands for south 
and W stands for west. 

AAT, average temperature of the warmest month; TWM, average temperature of the warmest month; GR, global 
radiation; SET, sum of effective temperatures; LGS, length of the growing season; IHa, actual heliothermal index; IAOe, 
oenoclimatic aptitude index; Cly, clay content; Hum, humus content; Gra, soil skeleton/gravel content; 

 

Equation for the SET (11) is derived from Branas et al. (1946). Tmin stands for daily 

minimum temperature and Tmax stands for daily maximum temperature.  

 

 
SET = ∑

(Tmax + Tmin)

2

30 sept

1 apr

− 10°C 
(11) 
 

 

IHa, given in Eq. (12), is derived from the equation of Branas (Oşlobeanu et al., 1991), 

where tu stands for daily temperature higher than 10°C and ir stands for daily real 

insolation, expressed in hours. 

 

 
IHa = ∑ tu 

30 sept

1 apr

× ∑ ir  ×  10−6

30 sept

1 apr

 
(12) 
 

 

IAOe (13) was proposed by Teodorescu (1987), where ir stands for daily real insolation 

(hours), ta stands for daily sum of active temperatures (°C) and p stands for daily 
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precipitation (mm). 250 mm represents the minimum rainfall necessary for unirrigated 

vine (mm) (Irimia et al., 2014).  

 

 
IAOe = ∑ ir 

30 sept

1 apr

+ ∑ ta − ( ∑ p

30 sept

1 apr

− 250)

30 sept

1 apr

 
(13) 
 

 
Topographical and climatic variables were based on digital elevation model (DEM) of the 

study area with resolution 12.5 x 12.5 meters. The real GR was calculated by using two 

steps (Patriche, 2007): firstly, it was used the Incoming Solar Radiation module from 

SAGA-GIS 2.0.4 software to determine the potential clear skies global radiation, derived 

from DEM; secondly, the potential radiation was multiplied with the factor 1-0.65xN2. 

The value N is defined as cloud cover fraction (Entekhabi, 1997). The potential solar 

insolation was calculated from DEM by using SAGA-GIS 2.0.4 module. The DEM-based 

computations consider the terrain configuration, which results in lower potential solar 

insolation values along valley bottoms and higher values on higher spots, where there 

are no obstacles in the visual line of sun. The spatial distribution of the real solar 

insolation was derived by multiplying the potential insolation values with the insolation 

fraction. Average annual and monthly altitudinal temperature gradients were used for 

each temperature variable and bioclimatic index. The dataset was obtained from the 

weather station Bilje.  

For the soil parameters, it were used 10 soil profiles to characterize the pedological 

factors with locations defined in Fig. 17. The clay and gravel content were mapped by 

using the ordinary kriging method, while the humus content was mapped by the 

regression-kriging method with altitude as a predictor (Moral et al., 2016, Webb et al., 

2018). Classifications of environmental factors and bioclimatic indices were used 

according to Table 15. The thresholds for each class were placed into attribute tables. 

Using the GIS tools, the values were converted into a raster map of the suitability of 

spatial distribution for each factor. 

Spatial distribution of suitability by environmental category was defined by computing 

the ranking point averages for each point (pixel). The environmental parameters were 

further grouped into three corresponding categories: topographical, climate and 

pedological. Pixels ranked in class IV for any of the 14 environmental factors were 

defined as land unsuitable for viticulture. Suitability maps of climate, relief and soil, 

generated by the average suitabilities of the included parameters, were used to further 

determine the viticultural potential, expressed as the average of ranking points for each 

pixel within the study area.  

 

2.12 Analysis 6: Assessment of WR in Valencia DO (1985-2100) 

The object of this analysis is to assess the future WR for Tempranillo, Bobal and Moscatel 

grape varieties in the viticultural site Valencia DO for the period 2005-2100. It was 

assumed that the crop season occurs at the same time during the entire analysis period 

(1985-2100) and assumed that the timing of the phonologic stages did not change during 

the same period. There has been several studies made concerning irrigation and drought 
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problems in viticulture (Zsófi et al., 2008; Van Leeuwen & Darriet 2016), however only a 

few studies analyse the drought and irrigation needs in future climate change scenarios 

(Fraga et al., 2017). The study was made on three of the most represented grape 

varieties in the viticultural site Valencia DO: Tempranillo, Bobal and Moscatel. The grape 

varieties were chosen, due to their high percentage of production in the Valencia DO 

viticulture region (Consejo regulador de vinos de la denominación de origen protegida 

Valencia, 2019) and the availability of the needed data. Two future irrigation scenarios 

for each grape variety under RCP4.5 and RCP8.5 scenarios were elaborated, using the 

Euro-Cordex dataset for the period 1985-2100 (see 2.3). For the future model dataset it 

was used the location of the meteorological stations Llíria (see Fig. 16). To elaborate the 

WR model, the ETo model until the year 2100 was needed. In the evapotranspiration 

process, liquid water is removed by vaporization from the evaporating surface such as 

soils, vegetation, water surfaces and so on. The transpiration process consists of the 

vaporization of water, which was contained by the plant, to the atmosphere (Testa et 

al., 2011). The analysis was conducted in the following steps: ETo calculations, crop 

evapotranspiration calculations and irrigation necessity calculations. 

 

 Reference evapotranspiration calculations  

There are several formulas to calculate ETo (Fernandes et al., 2012; Tabari et al., 2013; 

Djaman et al., 2015). PM Evapotranspiration is a commonly used formula in irrigation 

calculations (Penman, 1948). The BC formula (Allen et al., 1986) was used to calculate 

the ETo model for the period 1985-2100, due to its available dataset and its robust 

nature after calibration in comparison to the PM formula, which requires a higher 

number of parameters which are difficult to predict. Furthermore, the available dataset 

for future modelling consisted of daily temperature and daily precipitation values only, 

which is insufficient input data to use with the PM formula. In some studies, where the 

dataset was available, the PM formula was used to elaborate future evapotranspiration 

models (Obada et al., 2017). To create the future reference evapotranspiration model, 

it were used the datasets for the period 1985-2100: daily Tmin, daily Tmax and daily 

precipitation from meteorological station Llíria (see Fig. 5). The Food and Agriculture 

Organization (FAO) BC formula, given by Eq. (14), is unique, due to usage of the 

correction factors 𝑎 and 𝑏. Both correction factors simplify the range of application of 

the temperature method, without major adjustment (Allen et al., 1986). 𝐸𝑡0 stands for 

estimated ETo from a grass reference crop in millimetres, 𝑎 and 𝑏 are correction factors, 

which adjust the calculation according to local climate conditions, P stands for daily 

percentage of annual daylight hours, 𝑇 stands for daily Tmean in degrees Celsius and 

𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 stands for elevation value of the weather station Llíria in meters. 

 

𝐸𝑇0 = {𝑎 + 𝑏[𝑃(0.46𝑇 + 8.13]} [1 + 0.1 (
𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛

1000
)] 

 

(14) 
 

The available meteorological data from the Llíria weather station were at our disposal 

for the period 2000-2016, therefore, the calibration of the FAO BC formula was 
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elaborated for the same period. Calibration of the BC Eq. (14) is defined as a calculation 

of the correction factors 𝑎 and 𝑏. In order to calculate them, the average values of 

monthly mean meteorological data for the period 2000-2016 were used. The average 

monthly data were used from available mean monthly data of northern hemisphere 

extraterrestrial radiation (Table 18) and daily percentage of annual daylight hours (𝑃) in 

Table 17, were provided by the estimated values published in the research paper of 

(Allen et al., 1986). The following data were measured in 30 minute intervals (IVIA, 

2017), during the period 2000-2016: Tmin, Tmax, Tmean, precipitation, air humidity, 

solar radiation and wind speed (measured two meters above the ground). The ETo for 

the period 1985-2100 was calculated by the calibrated BC formula.  

 
Table 17: Daily percentage of annual daylight hours (𝑃) for weather station Llíria.  

Month 𝑷 

January 0.218 
February 0.240 
March 0.268 
April 0.298 
May 0.323 
June 0.336 
July 0.330 
August 0.308 
September 0.280 
October 0.250 
November 0.224 
December 0.211 

 

The factor 𝑃 was used as a constant value (Allen et al., 1986) for the whole analysis 

period (1985-2100). The Euro-Cordex dataset from the station Llíria (section 2.3) was 

used to calculate daily mean temperature data (𝑇). 

 

2.12.1.1 Calibration of the FAO Blaney-Criddle formula 

The correction factor 𝑎 is defined with Eq. (15). RHmin stands for estimated mean daily 

minimum relative humidity in percent and Nratio stands for mean ratio of actual to 

possible sunshine hours. 

 

𝑎 = 0,0043𝑅𝐻𝑚𝑖𝑛 − 𝑁𝑟𝑎𝑡𝑖𝑜 − 1.41 
 

(15) 
 

 

Values of daily relative humidity (𝑅𝐻𝑚𝑖𝑛) for the period 2000-2016, were retrieved from 

the weather station Llíria (IVIA, 2017). The Equation (16) defines the mean ratio of actual 

possible sunshine hours (𝑁𝑟𝑎𝑡𝑖𝑜). Rs is measured or estimated global solar radiation in 

millimetres per day water equivalent and Ra is extraterrestrial short-wave solar 

radiation per day water equivalent. 
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𝑁𝑟𝑎𝑡𝑖𝑜 = 2,0
𝑅𝑠

𝑅𝑎
− 0.5 

 

(16) 
 

The units from the estimated global solar radiation dataset (𝑅𝑠) were W/m2, hence the 

values were converted into 𝑀𝐽𝑚−2𝑑𝑎𝑦−1, which is used in the FAO BC formula. For 

calibration calculations, the mathematical average for the period 2000-2016 of values 

𝑅𝑠 was calculated. The average value 𝑅𝑎 was calculated using the values given in Table 

18, where average monthly values of solar radiation were used. The values were 

retrieved from the research paper Allen R. et al. (1986) according to latitude 40°, 

considering the geographical coordinates of weather station Llíria (N39.6910°; 

W0.6270). The units are given in 𝑚𝑚 𝑑𝑎𝑦−1, hence the values were transformed into 

𝑀𝐽𝑚−2𝑑𝑎𝑦−1(see Table 18). 

 
Table 18: Northern Hemisphere Extraterrestrial Radiation (mm/Day Water Equivalent) at 40 latitude 
degree. 

Month Radiation 
(mm/day water 

equivalent) 

January 6.4 
February 8.5 
March 11.3 
April 14.2 
May 16.3 
June 17.3 
July 16.7 
August 15.1 
September 12.5 
October 9.6 
November 7.0 
December 5.7 

 

The correction factor 𝑏 is defined according to Eq. (17). 𝑅𝐻𝑚𝑖𝑛 stands for estimated 

mean daily minimum relative humidity in percent, 𝑁𝑟𝑎𝑡𝑖𝑜 stands for mean ratio of actual 

to possible sunshine hours and 𝑈𝑑𝑎𝑦 stands for mean daytime wind speed in meters per 

second at a height of 20 meters. 

 

𝑏 = 0.81917 − 0.0040922(𝑅𝐻𝑚𝑖𝑛) + 1.0705(𝑁𝑟𝑎𝑡𝑖𝑜)
+ 0.065649(𝑈𝑑𝑎𝑦) − 0.0059684(𝑅𝐻𝑚𝑖𝑛)(𝑁𝑟𝑎𝑡𝑖𝑜)

− 0.0005967(𝑅𝐻𝑚𝑖𝑛)(𝑈𝑑𝑎𝑦) 

 

(17) 
 

Mean daytime wind speed in meters per second at 20 meters height is defined in the 

Eq. (18). 𝑈24 is the 24 hour wind speed in kilometres per day and 𝑈𝑟𝑎𝑡𝑖𝑜 is the ratio of 

daytime to night-time wind speeds. 
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𝑈𝑑𝑎𝑦 =
𝑈24𝑈𝑟𝑎𝑡𝑖𝑜

43.2(1 + 𝑈𝑟𝑎𝑡𝑖𝑜)
 

 

(18) 
 

If there is no available data to calculate the ratio of daytime to night-time wind speed, 

the suggested value is 2.0 (Doorenboos & Pruitt, 1977). However, the half-hourly wind 

speed dataset was retrieved from the meteorological station Llíria, therefore it was 

possible to calculate the 𝑈𝑟𝑎𝑡𝑖𝑜 according to Eq. (19). 𝑣𝑑𝑎𝑦  stands for average daily wind 

speed and 𝑣𝑛𝑖𝑔ℎ𝑡 stands for average nightly wind speed. 

 

𝑈𝑟𝑎𝑡𝑖𝑜 =
𝑣𝑑𝑎𝑦

𝑣𝑛𝑖𝑔ℎ𝑡
 

 

(19) 
 

The longest and the shortest day in 2016 was defined in Llíria. The length of the day was 

defined by positive solar radiation: the shortest length of day was from 8:17 to 17:41hrs. 

(23rd December) and the longest was from 6:34–21:32 hrs. (21st June). Using the upper 

threshold, the average length of the night and day was calculated. The average day starts 

at 07:26 hrs. and it ends by 19:07 hrs. The 𝑈𝑟𝑎𝑡𝑖𝑜 for the period 2000-2016 was 

calculated using the wind speed dataset. To calculate the ETo model for the period 1985-

2100, were used the calculated correction factors 𝑎 and 𝑏, daily percentage of annual 

daylight (𝑃) and 𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 as constant values. The daily Tmean, retrieved from the 

Euro-Cordex dataset (Euro-Cordex, 2017), was defined as variable. Furthermore, the ETo 

dataset from the IVIA (IVIA, 2017) was retrieved for the Llíria weather station, for the 

period 2000-2016. The ETo calculations were realised by using the PM methodology 

(Carvalho et al., 2013; IVIA 2017). Fig. 18 shows graphical descriptions of the available 

ETo datasets and their timeframes.  

 

 
Figure 18: Timeline of the available ETo models and observations. The details of each dataset are given 
below. 

 

In short, the process estimation of ETo was:  

• Eto observations IVIA (2000-2016). The ETo observations were retrieved from 

the IVIA (IVIA, 2017). The ETo was calculated with PM methodology (Carvalho et 

al., 2013). 

• Eto calculations (2000-2016). ETo was calculated by BC formula from the daily 

weather parameter observations from the Llíria weather station. The 
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meteorological dataset for the calculations, was retrieved from the IVIA (IVIA, 

2017).  

• Eto model: Reference period (1985-2005). Eto was calculated by the calibrated 

BC formula. The temperature data were retrieved from the European branch of 

the international Cordex initiative (Euro-Cordex, 2017). 

• Eto models: RCP4.5 and RCP8.5 (2005-2100). Eto was also calculated by the 

calibrated BC formula. Correction factors 𝑎 and 𝑏, daily percentage of annual 

daylight (𝑃) and 𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 were used as constant values. The temperature data 

were retrieved from the Euro-Cordex dataset under RCP4.5 and RCP8.5 scenarios 

(Euro-Cordex, 2017).  

By using the above Eto dataset, it was defined the correction index 𝛿 as commented in 

the study of Maraun (2016). The calculated ETo models for the time frame 1985-2100 

were corrected by the correction factor 𝛿, defined by Eq. (20). 𝐸𝑇𝑜𝑚𝑜𝑑𝑒𝑙 stands for 

corrected Eto for the period 1985-2100, 𝐸𝑇𝑜𝐵−𝐶  stands for Eto calculated by the BC 

methodology (Allen et al., 1986) for the period 1985-2100 and 𝛿 stands for correction 

factor. 

 

𝐸𝑇𝑜𝑚𝑜𝑑𝑒𝑙 = 𝛿(𝐸𝑇𝑜𝐵−𝐶) 
 

(20) 
 

The correction factor 𝛿, defined by Eq. (21), was calculated by using average values of 

calculated Eto model with BC formula and Eto dataset retrieved from IVIA (IVIA, 2017). 

The values of 𝐸𝑇𝑜𝐼𝑉𝐼𝐴 were calculated with the PM methodology (Allen et al., 2006). 

𝐸𝑇𝑜𝑐𝑎𝑙  stands for Eto, calculated by BC methodology (Allen et al. 1986). The analysis 

period for 𝐸𝑇𝑜𝐼𝑉𝐼𝐴   and 𝐸𝑇𝑜𝑐𝑎𝑙  was defined from 2000-2016.  

 

𝛿 =
𝐸𝑇𝑜𝐼𝑉𝐼𝐴 

 𝐸𝑇𝑜𝑐𝑎𝑙
 

 

(21) 
 

The corrections were made in the timeframe 1985-2100, correcting both scenarios 

RCP4.5 and RCP8.5 for the time frame 2005-2100. 

 

 Crop Evapotranspiration calculations 

The crop evapotranspiration (ETc) was calculated by using 𝐸𝑇𝑜𝑚𝑜𝑑𝑒𝑙 values, as 

described in Eq. (22), where Kc stands for single crop coefficient (Kc) (Doorenboos & 

Pruitt, 1977). 

 

𝐸𝑡𝑐 = 𝐾𝑐 ∗ 𝐸𝑇𝑜𝑚𝑜𝑑𝑒𝑙  
 

(22) 
 

In Table 19, the monthly values of Kc, of the considered varieties, are shown according 

to the production goal, maximum quality or maximum yield for each grape variety. This 

information is supplied by the Irrigation Advisory service of IVIA according to the studies 

conducted in the area (Riegosivia, 2019). Kc values for Tempranillo and Bobal were 

defined according to the studies conducted at the IVIA institute by Picón-Toro et al. 
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(2012) and López-Urrea et al. (2012). The Kc values for Moscatel were discussed and 

defined in the study by Buesa (2017). The Kc values take into account soil evaporation 

and plant transpiration and were obtained experimentally, unlike the methodology used 

to calculate the drought index (see paragraph 2.4), that separates the crop transpiration 

from evaporation soil. 

 
Table 19: Monthly single crop coefficient (Kc) values for maximum production and maximum quality for 
Tempranillo, Bobal and Moscatel. 

Month Grape variety and production purpose 

Tempranillo, 
maximum 
production 

Tempranillo, 
maximum 

quality 

Bobal, 
maximum 
production 

Bobal, 
maximum 

quality 

Moscatel, 
maximum 
production 

Moscatel, 
maximum 

quality 

January 0 0 0 0 0 0 
February 0 0 0 0 0 0 
March 0 0 0 0 0 0 
April 0.15 0 0.15 0 0.08 0 
May 0.25 0 0.25 0 0.12 0 
June 0.35 0 0.35 0 0.18 0 
July 0.55 0.20 0.55 0.15 0.27 0.10 
August 0.55 0.4 0.55 0.25 0.27 0.2 
September 0.40 0.4 0.40 0.25 0.20 0.2 
October 0.25 0.30 0.25 0.20 0.12 0.15 
November 0.15 0 0 0 0.07 0 
December 0 0 0 0 0 0 

 

Crop evapotranspiration (𝐸𝑇𝑐) values were calculated for each month during the 

analysis period 1985-2100, by using Eq. (22). 

 

 Water requirement model 

WR is defined by the crop evapotranspiration and effective precipitation (Pef) (Testa et 

al., 2011), given by Eq. (23). 

 

𝑊𝑎𝑡𝑒𝑟 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 = 𝐸𝑇𝑐 − 𝑃𝑒𝑓 
 

(23) 
 

 

Daily Pef is defined by daily precipitation and effective precipitation factor, given by Eq. 

(24).  

 

𝑃𝑒𝑓 = 𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 ∗ 𝐹𝑝𝑒 
 

(24) 
 

Daily Precipitation values between 3 mm and 80 mm were considered. The lower 
threshold of 3 mm was established as it is assumed that this amount evaporates before 
it reaches the plant. The upper threshold is defined because, water exceeding 80 mm, is 
assumed to run off (Riegosivia, 2019). Definition of Dryness index and Irrigation 
requirement are similar with one difference. The calculation of Dryness index is 
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considered Wo (200 mm) and potential water deficit should not exceed Wo (Tonietto & 
Carbonneau, 2004). Fpe is defined as two different values during the winter and summer 
time (see Table 20). 
 
Table 20: Effective precipitation factor values (Testa et al., 2011). 

Time period Fpe 

Winter (from 1.11 to 31.3) 0.75 
Summer (from 1.4. to 31.9) 0.25 

 

The monthly necessity of irrigation for two periods were calculated. The first period was 

defined from 1985 to 2005 and the second period from 2006 to 2100. The irrigation 

scenarios under RCP4.5 and RCP8.5 were calculated for the second period. According to 

the time periods, the irrigation necessity models for maximum productivity and 

maximum quality were calculated of all three analysed grape varieties. According to 

Table 19, values of “0” for single crop coefficient difference between the maximum 

quality and maximum production columns, mean there are no irrigation requirements. 

Therefore, only the months where the single crop coefficient value is higher than “0”, 

were taken into account in the irrigation necessity analysis.  
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3 RESULTS AND DISCUSSION 
 

This chapter is divided into six subchapters, which critically discuss the independent 

results of each analysis. In section 3.1, the results of analysis of temperature, 

precipitation and bioclimatic indices HI and WI for the last five decades are described 

and discussed. Later on, in the same section, are described the results of frequency of 

Tmin and DI spatial-temporal analysis. Section 3.2 presents the results of future 

temperature modelled under RCP4.5 and RCP8.5 scenarios for the period 2041-2060 in 

Goriška Brda. Future models of HI and WI bioclimatic indices are presented and 

discussed in section 3.3 for the period 1965-2100 in both study sites. Spatial-temporal 

analysis of temperature and precipitation for the period 1985-2100 is presented in 

section 3.4 for both study regions. Viticultural potential assessment analysis in Goriška 

Brda is presented and discussed in section 3.5. In section 3.6, the results of the WR 

future model in Valencia DO for Tempranillo, Bobal and Moscatel varieties are discussed. 

The last section 3.7, includes main conclusions and findings with the summary of main 

points, discussed in this chapter. 

 

3.1 Analysis 1: Historical spatial-temporal analysis of temperature and 

bioclimatic indices (1965-2013) 

This section is divided into three parts. In the first part, are presented the results of 

temperature analysis in the Goriška Brda and Valencia DO study sites for the period 

1965-2013. Both study sites used the Huglin and Winkler bioclimatic indices to 

characterize the progress of suggested grape varieties during the same analysis period. 

In the second part the analysis of temperature minimum frequencies and DI are 

discussed. The methodology of this analysis is described in section 2.7. 

 

 Temperature analysis 

Temperature analysis was conducted in the Goriška Brda and Valencia DO study sites, 

during the study period 1965 to 2013. The datasets from four weather stations were 

used (see Table 5, Fig. 15 and Fig. 16). From each study site one station was chosen close 

to the seacoast and a second one located in the interior on the mainland, to analyse the 

sea’s influence on climatic conditions in both vinegrowing regions. The trendlines depict 

an upward trend of Tmean at all four weather stations. Nonetheless, the stations in 

Spain reveal a slightly higher increase, compared to Slovenia’s stations. According to the 

trendlines, the highest increase is shown at the weather station Albacete (2.17°C) and 

the lowest at the weather station Vojsko (1.42°C) (see Fig. 19).  
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Figure 19: Progress of Tmean at all four weather stations during study period. VLC_AIR refers to the 
weather station Valencia airport. Black straight lines represent temperature trendlines, calculated with 
linear regression.  

 

Both Spanish weather stations recorded a more intense increase in Tmean, compared 

to the Slovene weather stations. The figures show an increase in Tmean at station 

Albacete of 2.17°C, which is significantly higher to the increase in temperature at station 

Valencia airport (1.59°C), located closer to the coastline. The increase in Tmean during 

the research period at Bilje station, was 1.42°C and at Vojsko station, 1.09°C. The 

increase difference of Tmin and Tmax at both weather stations is similar (see Table 21). 

 
Table 21: Tmean progress in used weather stations during the study period 1965-2013. VLC_air stands for 
Valencia airport weather station.  

Weather 
station 

Tmean in 
1965 (°C) 

Tmean in 
2013 (°C) 

Increase of Tmean trend 
values 1965-2013 (°C) 

VLC_air 16.54 18.13 1.59 
Albacete 12.85 15.03 2.17 
Bilje 11.61 13.03 1.42 
Vojsko 6.01 7.10 1.09 

 

Spanish weather stations also depict a higher increase in Tmin and Tmax, compared to 

the Slovene stations. The highest temperature growth shows a Tmin in Valencia DO of 

(2.03°C). The lowest increase in average Tmean during the period of research (1.25°C) 

was in the Goriška Brda region. The Tmean reveals the highest difference in temperature 

growth, comparing both study sites. The average Tmean increase in Valencia DO is 

1.88°C and in Goriška Brda 1.25°C (see Fig. 20).  
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Figure 20: Average annual increase of mean, minimum and maximum for the period 1965-2013, 
comparison between Valencia DO and Goriška Brda study site. 

 

 Spatial-temporal analysis of bioclimatic indices HI and WI 

Bioclimatic indices were calculated from the temperature data, measured at the same 

four weather stations used for temperature measurements. Since bioclimatic indexes 

are determined from the air temperature measurements, the increase of HI and WI was 

expected over the whole study period. The HI progress shows a gradual increase at all 

stations during the analysis period. Progress at all four weather stations show steady 

growth with notable positive (around 1980, 1888, 1999 and 2011) and negative peaks 

(1984, 1995 and 2004). The highest HI increase, according to the trendline, is shown at 

the Albacete weather station (479.55 HI points) and the lowest HI increase at the Vojsko 

weather station (357.48 HI points) (see Fig. 21). 

 

 
Figure 21: Fluctuation of HI at the four weather stations during the study period. Black straight lines 
represent temperature trendlines, calculated with linear regression. HI stands for Huglin index and 
VLC_AIR refers to weather station Valencia airport.  

 

Classification of HI classes at weather station Albacete shifted from “Warm HI class” to 

“Hot HI class” during the study period. Weather station Valencia airport remains in the 

“Hot HI class”. Bilje weather station indicates a shift from “Cool HI class” to “Warm HI 

class”. The Vojsko weather station remains in the ‘Very cold’ HI class. The Valencia DO 
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site was ranked two HI classes higher than the Brda study site during the study period. 

WI and HI progress during the analysis period show similar trends. Also, WI progress 

clearly indicates a positive trend at all weather stations (see Fig. 22). 

 

 
Figure 22: WI at the four weather stations during the study period. Black straight lines represent 
temperature trendlines, calculated with linear regression. WI refers to WI and VLC_AIR refers to weather 
station Valencia airport. 

 

All weather stations clearly show an increase in the WI including notable positive (1982, 

1994, 2003) and negative (1972, 1984 and 1996) peaks. The WI progress shows the 

lowest value in 1985 at all four weather stations, just one year after the lowest value of 

HI progress. The lowest WI increase during the research period, according to the 

trendline, is shown at the weather station Vojsko (215.61 WI points) and the highest at 

station Albacete (531.36 WI points). The WI growth in Valencia DO (491.85 WI points) 

shows a higher increase, compared to Goriška Brda (330.18 WI points). The lower 

difference indicates the HI comparison between the two sites. Valencia DO depicts an 

increase of 429.32 HI points and Goriška Brda of 388.76 HI points. As seen in the WI and 

HI analysis, the Vojsko weather station was the least affected by climate change, in 

comparison with the other three weather stations. The highest influence of climate 

change was observed at the Albacete weather station. As seen in the WI and HI analysis, 

the Vojsko weather station was the least affected by climate change in comparison with 

the other three weather stations. The highest influence of climate change was observed 

at the Albacete weather station. This shows that climate change has affected the 

Valencia site more than the Brda site.  

The reason for the lower increase in temperatures at stations closer to the seacoast is 

most probably due to the influence of the Mediterranean Sea, which mitigates the 

effects of climate change. The Sea’s influence decreases as you move further away from 

the seacoast, which can be observed at the weather stations located further away from 

the Mediterranean Sea. Nevertheless, the Mediterranean Sea appears to have a minor 

influence on Slovenia research site. At the weather station closest to the coastline sea 

(Bilje), the mean temperature increase was significantly higher, than the mean 
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temperatures at weather station Vojsko, located inland. The most likely reason is a 

geographical barrier, the hilly part of the region Kras, namely the Trešnik hills (502 m 

asl) which lie between weather station Bilje and the Mediterranean Sea, thus preventing 

the Sea’s direct influence. 

 

 Minimum temperature frequency analysis 

In this analysis the ripening season was defined from 1st July to 31st September, as 

defined in the study by Bonnardot (2012). From the Goriška Brda site were chosen seven 

weather stations (Vogel, Vojsko, Postojna, Godnje, Bilje, Fossalon and Lignano) and, in 

the Valencia DO site, nine (Valencia airport, Albacete, Llíria, Castellón, Campo Arcís, 

Benifaió, Moncada, Cheste and Teruel) with the required input datasets (see Table 5, 

Fig. 15 and Fig. 16). Due to accessible temperature datasets from the meteorological 

stations, the frequency of daily Tmin was calculated for the years 2000 and 2016. Two 

years were chosen due to a statistical trend between the defined years. In Goriška Brda 

(for 2000 and 2016), weather stations closer to the sea, show a higher frequency of the 

warmest Tmin (>20°C), especially at stations Fossalon and Lignano. The higher frequency 

of coldest Tmin is shown at the weather stations with a lower sea impact, thus those 

further from the seacoast and at higher altitudes (Vogel, Vojsko and Postojna). In the 

year 2016, at the station Lignano the frequency (from 28% to 62%) of warmest Tmin 

(>20°C) more than doubles, compared to the year 2000. Nevertheless, at Fossalon 

weather station, the frequency of warmest Tmin diminishes from 49% to 13%. However, 

other weather stations show an increase in frequency of warmest Tmin, which suggests 

an overall increasing trend. The frequencies of colder Tmin depict a downward trend 

from 2000 to 2016 (see Fig. 23). 
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Figure 23: Frequency of daily Tmin ranges, using 2 °C thresholds, expressed as a percentage (%) of the 
total July-September period in the year 2000 (left) and year 2016 (right), for 7 weather stations in the 
Goriška Brda site.  

 

In Valencia DO (for years 2000 and 2016), the findings are similar to the Goriška Brda 

site; weather stations closer to the sea show a higher frequency of warmest Tmin 

(>20°C), especially stations Castellón, Benifaio and Valencia airport. The stations located 

further inland indicate a higher frequency of colder Tmin, for example Campo Arcís, 

Albacete and especially station Teruel. An increase in frequency of warmer Tmin values 

is shown from 2000 to 2006 at most weather stations. The highest increase of warmest 

frequency of Tmin (>20°C) is shown at stations by the seacoast: Castellón (16%) and 

Benifaio (15%), compared to stations further away from the seacoast, namely Albacete 

and Teruel, which suggest a significantly lower increase of 7% and 0% respectively. 

Nevertheless, the weather station Cheste shows the only decrease of warmest 

frequency of Tmin (>20°C): from 16% to 3%. The highest drop in frequencies of colder 

Tmin (<10°C) are shown at stations Campo Arcís (10%) and Teruel (13%); in other 

stations the difference depicts a decrease of less than 2% (see Fig. 24). 
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Figure 24: Frequency of daily Tmin ranges, using 2 °C thresholds, expressed as a percentage (%) of the 
total July-September period in the year 2000 (left) and year 2016 (right), for 9 available weather station 
in Valencia DO site.  

 

The highest frequencies of colder Tmin are shown at the Goriška Brda site, compared to 

Valencia DO which has a significantly higher frequency of warmer Tmin. Both study sites 

indicate a reduction in the frequency of low Tmin from 2000 to 2016 therefore, the 

probability of frost events was reduced. According to future warming climate models 

(IPCC, 2018), this trend will continue in the future. Generally, the reduction in frequency 

of Tmin is similar in both study sites for each year. There is a possibility, that the study 

sites experienced an extreme hot or extreme cold year in the chosen analysis years 

(2000 and 2016) and therefore, the tendency analysis could be more precise with a 

higher number of chosen years.  

 

 Temporal analysis of Dryness Index  

Goriška Brda and Valencia DO were characterized by dryness parameter DI of the local 

climate. The calculations and description of DI are described in the Methodology (see 

2.4). The initial useful soil water reserve, which can be accessed by the roots (Wo) was 

considered as a value of 200 mm (Tonietto & Carbonneau, 2004). According to the 

progress of the DI during the study period (2000-2016), for a majority of the years, the 

Goriška Brda site corresponds to the maximum Dryness class DI–2, the “humid” class, 

which characterizes humid regions with an absence of dryness. The maximum DI values 
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are shown at weather station Godnje and the minimum at weather station Bilje. The 

year 2003 was characterized as having the lowest DI value at all three stations, when 

Bilje reached the minimum DI value of(8.5 mm) (see Fig. 25).  

 

 
Figure 25: Progress of DI at weather stations Postojna, Godnje and Bilje in Goriška Brda study site.  

  

The Bilje weather station shows the highest amplitude and the lowest DI values among 

the three studied stations. The most likely reason is a geographical barrier on the 

southern part of the hilly region of Kras, with hills Trešnik (502 m asl), preventing direct 

influence from the sea and associated humidity. The other two stations experience a 

more direct sea influence, due to their lack of topographical barriers with the 

Mediterranean Sea, which can be a reason for more moderate amplitude of DI. The DI 

values in the Valencia DO site show notable lower DI values, compared to the Goriška 

Brda site, where none of the weather stations reached a maximum DI value (200 mm) 

during 2000-2016. Weather station Campo Arcis depicts the lowest average of DI (-

118.47 mm) and the minimum DI value (-166 mm) in the study period. In comparison to 

weather station Cheste, that indicates the highest average of DI (-24.69 mm) and 

maximum value (66 mm) in the same study period (see Fig. 26). 

 

 
Figure 26: Progress of DI at weather stations Cheste, Llíria, Campo Arcís and Benifaió for the period 2000-
2016 in the Valencia DO study site. 
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Valencia DO also shows an average decrease in DI value of 4.48% during the analysis 

period 2000-2016 according to trendline. The average DI class calculated from all four 

weather stations, was -65.00 mm, which corresponds to “Moderately dry” DI class. The 

Goriška Brda site reveals an increase of 1.11% in DI values during the analysis period and 

the average value of DI, characterizes the site as “Humid” class. Amongst both study 

sites, the maximum increase is shown at weather station Godnje and the maximum 

decrease at weather station Llíria. The average DI value for the period 2000-2016 was 

239.47 mm higher in the Goriška Brda site, compared to the Valencia DO site (see Fig. 

27).  

 

 

 
Figure 27: The increase of DI values in mm at each weather station, according to the trendline for the 
period 2000-2016 in Goriška Brda (upper map) and Valencia DO (lower map).  

 

The comparison of DI values reveals a significant difference in water conditions between 

both sites, which represent distinct effects on viticulture. Precipitation in the Valencia 

Do site shows significantly inferior values, compared to the Goriška Brda site (see 2.2), 

therefore any kind of lowering of DI values in Valencia DO, would affect viticulture more 

than in Goriška Brda. The DI progress during 2000-2016 demonstrates exactly this; a 

noticeable decrease of DI in weather stations inside the Valencia DO wine-growing area 

(Llíria and Cheste). The closest weather station to the Goriška Brda viticulture region 

also showed a negative increase during the analysis period. The classification of classes 

did not change during the analysis period in both study sites. Nevertheless, the future 

DI tendency in the Valencia DO site, shows a shift to “Very dry” class in the last third of 

the 21st century under RCP8.5 scenario, according to the results of the WR analysis (Fig. 

66). Every 5-6 years, the Valencia DO site experiences a dry period (Monterde et al., 

2017). According to future climate projections, the period between dry periods will get 

shorter in the future (IPCC, 2018). Therefore, the study of dryness index and its tendency 

is important in predicting future dry seasons and to enhance the quality and quantity of 

the yield. 
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3.2 Analysis 2: Future temperature modelling in the Goriška Brda study site 

(2041-2060) 

This chapter describes the results of future temperature modelling in the Goriška Brda 

viticultural region, using three meteorological stations. The purpose of this research is 

to provide a critical analysis of temperature trend for the period 2041-2060, analyse the 

influence of the Mediterranean Sea and to conduct comparative statistical analysis 

between the results. The methodology used is described in the Methodology chapter 

(see 2.8.). Data were retrieved from three weather stations (Vojsko, Bilje and Vedrijan) 

distributed inside, and in surroundings of, the wine region Goriška Brda. The future 

temperature dataset was retrieved from Worldclim (CMIP5) for two periods (1950-2000 

and 2041-2060) under RCP4.5 and RCP8.5 scenarios.  

 

 Future temperature model for period 2041-2060 

The monthly Tmean shows distinct temperature values, calculated from all three 

stations, for the periods 1961-2000 and 2041-2060. In the graph are the following 

temperature types: observed temperature for the period 1961-2000, Worldclim 

temperature for the period 1950-2000 (reference period) and future simulation under 

RCP4.5 and RCP8.5 scenarios. The observed annual Tmean for the period 1961-2000 

shows a 0.2°C higher value, compared to the modelized data for the period 1950-2000. 

The difference between future modelized (2041-2060) and observed temperatures 

(1961-2000) indicates a notable gap. Average annual future modelized Tmean values of 

1.7°C and 2.0°C, under RCP4.5 and RCP8.5, respectively, are higher, compared to 

observed annual average of Tmean (see Fig. 28).  
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Figure 28: Comparison of monthly average observed and modelized temperature. The observation data 
were obtained from monthly temperature averages from weather stations Bilje, Vojsko and Vedrijan. 

 

The temperatures reveal the hottest month is July and the coldest January. The 

observed and modelized mean temperatures for the period 1950-2000 demonstrate 

significantly lower values, compared to the modelized temperatures for the period 

2041-2060. Furthermore, temperatures under RCP8.5, indicate notably higher values, 

compared to RCP4.5 scenario. Future temperatures under RCP8.5 were expected to be 

higher than RCP4.5, due to nature of climate scenarios (Van Vuuren et al., 2011). 

November shows the highest rise from observed temperatures (reference period) to 

future, under RCP8.5 scenario (2.6°C). However, the lowest rise shows April under 

RCP4.5 (1.1°C). Temperature values between Tmax and Tmin show dissimilarities at all 

three weather stations for the period 1961-2000 (see Fig. 29).  
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Figure 29: Comparison of average observed (time period 1961-2000) and average modelized (time period 
2041-2060) minimum (Tmin) and maximum (Tmax) temperature at weather stations Bilje, Vojsko and 
Vedrijan. 

 

Bilje, the closest weather station to the Mediterranean Sea, indicates the highest 

average Tmax (20.1°C) for the period 2041-2060 (under RCP8.5 scenario). It also shows 

the highest difference (Tmin) between observed and modelized data for the period 

1950-2000: 2.5°C. One of the most probable reasons for the notable difference between 

modelized and observed temperature for the period 1950-2000, is the spatial resolution 

of climatic model. Observation data were gathered from three exact points, namely the 

locations of the three weather stations (Bilje, Vojsko and Vedrijan). In contrast, the 

Worldclim data were generated through the interpolation of average monthly data from 

weather stations on a 30 arc-second resolution grid. Due to interpolation from several 

weather stations, the accuracy of Worldclim data is not as high as on directly observation 

data from weather stations. The other reason for the difference between observed and 

Worldclim data, is the period during which the observation data was retrieved. For 

optimum results, the datasets from the period 1950-2000 should have been used. 

According to available datasets, the stations were chosen due to their availability of data 

and closeness to the Goriška Brda site. At weather stations Vojsko and Vedrijan, daily 

Tmin and Tmax data were available for the period 1961-2000 and used for the purpose 

of this research. The timeframe of used data for Worldclim was 1950-2000, therefore 

11 years more data in comparison with weather stations Vojsko and Vedrijan. 

Furthermore, the period of data at weather station Vedrijan was from 1960-1990, so 20 

years shorter than that used for Worldclim data. The modelized annual average 

maximum and Tmin, according to RCP4.5 scenario modelling (for the period 2041-2060) 

indicate higher values, compared to observation data for all three weather stations. 
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However, under RCP8.5 scenario, only at weather stations Vojsko and Vedrijan are 

modelized temperatures higher than observed temperatures. The only exception is 

weather station Bilje, where the simulation of annual average Tmin, according to RCP8.5 

modelling, shows a lower temperature (0.1°C), than the observed annual Tmin at the 

same station. The most significant difference in Tmin (2.4°C) between observed (1950-

2000) and modelized (2051-2060) is at stations Vedrijan and Bilje. The lowest increase 

in Tmin (1.7°C) under RCP4.5, is shown across all stations (see Table 22). 

 
Table 22: Average annual temperature increase for each weather station under RCP4.5 and RCP8.5 
scenarios. Comparing the future period 2041-2060 to reference period 1950-2000. 

Increase from 1950-2000 to 2041-2060 Weather stations 

 Bilje Vojsko Vedrijan 

Tmin under RCP8.5 2.4°C 2°C 2.4°C 
Tmax under RCP8.5 2.2°C 2.2°C 2.2°C 
Tmin under RCP4.5 1.8°C 1.8°C 1.8°C 
Tmax under RCP4.5 1.7°C 1.7°C 1.7°C 

 

The temperature increase obtained by comparing the future period 2041-2060 to the 

reference period 1950-2000, is the same across all weather stations, with the exception 

of the Tmin increase under RCP8.5. Bilje and Vedrijan stations show a 0.4°C higher 

increase, compared to Vojsko. The stations closer to the sea indicate a slightly higher 

temperature increase in the future. Between the Mediterranean Sea and weather 

station Bilje, there is a natural barrier, the hilly part of the region Kras, (highest hill 

Trešnik (502 m asl) reduces most of the Sea’s direct influence. However, the weather 

station Bilje lies in a river valley (river Vipava), which runs around the hilly site and joins 

the river Soča, that flows into the Mediterranean Sea. Consequently, the influence of 

the sea is present through both river valleys and it influences the local climate on 

weather station Bilje. According to the topography, weather station Bilje has the most 

indirect influence of the Mediterranean Sea among the three weather stations. Weather 

stations Vedrijan and Vojsko lie at approximately double the distance from the seacoast, 

in comparison with weather station Bilje. Vojsko weather station experiences the most 

direct sea influence and Vedrijan the least. Therefore, the sea influence on temperature 

increase, as a water mass to moderate the influence of climate change, demonstrates a 

roughly similar impact on all three weather stations. Nevertheless, the stations lie very 

short distances apart. The maximum air distance of 25km is between Vojsko and Bilje. 

Overall, Goriška Brda region, according to Vedrijan station, located inside of the region, 

is expected to experience a temperature increase of between 1.8°C and 1.7°C under 

RCP4.5 and RCP8.5 scenarios respectively, until period 2041-2060 (compared to the 

reference period 1961-2000). 
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3.3 Analysis 3: Spatial-temporal analysis of temperature and bioclimatic indices 

(1965-2100)  

The objective of this analysis was to conduct a critical analysis of temperature and 
bioclimatic indices Huglin and Winkler under RCP4.5 and RCP8.5 scenarios during the 
period 1965-2100 in both study sites. This chapter is divided into two sections: In the 
first section are presented results and discussion from the study site Goriška Brda, and 
in the second, are presented results and discussion from the study site Valencia DO. The 
methodology is described in the Methodology chapter (see 2.9.).  
  

 Temperature and bioclimatic indices temporal analysis in Goriška Brda (1965-

2100) 

For the purpose of temperature and bioclimatic analysis, the average temperature data 
from three weather stations in Goriška Brda were chosen: Godnje, Vojsko and Bilje (see 
Table 5 and Fig. 15). The stations which were closest to Goriška Brda and that had the 
longest daily temperature observation history were chosen. In this analysis were used 
observation datasets of daily Tmean for the period 1965-2016, and Tmean datasets for 
the period 1985-2100 under RCP4.5 and RCP8.5 scenarios, retrieved from the Euro-
Cordex dataset (Jacob et al., 2014). The progress of annual Tmean shows an upward 
trend during the entire period (1965-2100) (see Fig. 30).  
 

 
Figure 30: Temperature analysis of average values of the three weather stations Vojsko, Godnje and Bilje. 

Tmean observations stands for average annual observation data from 1965-2016, Tmean_rcp45 stands 

for average annual modelized temperature under RCP4.5 scenario (2005-2100) and Tmean_rcp85 stands 

for average annual modelized temperature under RCP8.5 scenario (2005-2100).  

 
The difference in temperature progress under RCP4.5 and RCP8.5 scenarios is 
insignificant until the year 2050. After 2050, the difference increases, especially in 
temperature progress under RCP8.5 scenario. Temperature increase of observation 
period is 1.77°C, calculated from tendency line with the coefficient of determination of 
0.52. During the period 1985-2100, the increment for RCP4.5 scenario shows 2.2°C 
under RCP4.5 and 4.5°C under RCP8.5 scenario, also calculated from the tendency line. 
Coefficient of determination for temperature progress under RCP4.5 scenario is 0.84 
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and, for temperature progress under RCP8.5 scenario is 0.93. Temperature increase 
under RCP8.5 scenario indicates a more significant positive trend, compared to RCP4.5 
scenario, also discussed in previous research (Van Vuuren et al., 2011). The mean annual 
observation data were compared with modelized data scenarios RCP4.5 and RCP8.5 to 
obtain the strength of the correlation between both scenarios. The comparison analysis 
of observed and modelized annual Tmean shows a common increasing tendency during 
the period 1985-2016. The RCP’s modelized Tmean line is much smoother, in 
comparation with observed Tmean line, showing several significant peaks (see Fig. 31). 
 

  

Figure 31: Left graph: Comparison of observed and modelized annual Tmean under RCP4.5 scenario (1985-
2016). Tmean_observations stand for average annual observation temperature from 1985 to 2016 and 
Tmean_rcp45 stands for average annual modelized temperature under RCP4.5 scenario. Right graph: 
Comparison of observed and modelized annual Tmean under RCP8.5 scenario (1985-2016). 
Tmean_observations stand for average annual observation temperature from 1985 to 2016 and T-
mean_rcp85 stands for average annual modelized temperature under RCP8.5 scenario. 
 

Average absolute difference between observed and modelized Tmean under RCP4.5 
scenario is 0.86°C and is 0.90°C between observed Tmean and temperature under 
RCP8.5 scenario. Temperature anomaly was calculated for the period 1965-2016 using 
reference period 1965-1994. Tendency of temperature anomaly depicts steady increase 
and shows the increment of 1.74°C, according to linear regression with the coefficient 
of determination 0.49. The trendline reveals negative values until the year 1979, roughly 
estimated, when the values of the trendline changed into positive values until the year 
2016. There were only two negative temperature anomalies after the years 1990; 1996 
and 2005. During the period 1965-1990, there were 12 years with a negative 
temperature anomaly (see Fig. 32). 
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Figure 32: Annual Tmean anomaly for period 1965-2016 (observation period). Reference value is 1965-
1992. T_anomaly_obs stands for observed annual Tmean. Trendline was calculated with linear regression.  

 

The temperature anomaly under RCP4.5 and RCP8.5 scenarios also indicates a positive 
trend during analysis for the period 1965-2100. Average annual anomaly shows an 
increase of 4.12°C (RCP4.5) and 6.29°C (RCP8.5) during the period 1965-2100. 
Temperature rise was calculated from the trendline, using observation data from 1965-
2016 and under RCP4.5 and RCP8.5 scenarios from 2016 to 2100 (see Fig. 33).  
 
 

 
Figure 33: Average annual temperature anomaly for the period 1965-2100 for RCP4.5 and RCP8.5 
scenarios. T_anomaly_45 stands for temperature anomaly for observation period 1965-2016 and 
modelized period 2016-2100 according to RCP4.5 scenario and T_anomaly_85 stands for temperature 
anomaly for observation period 1965-2016 and modelized period 2016-2100 according to RCP8.5 
scenario. Solid line presents the 10 years average value. Reference value is the period 1965-1994. 

 

Observation temperature data and modelized scenarios demonstrate an upward trend 
during the entire analysis period (1965-2100). From the year 2016 until 2039, roughly 
estimated, the temperature progress under RCP4.5 and RCP8.5 scenarios shows a 
similar growing pattern. After the year 2040, the Tmean anomaly of both RCP scenarios 
starts to diverge; temperature anomaly under RCP8.5 scenario begins to rise above the 
RCP4.5 scenario. The difference grows until the year 2100, where it reaches 2.17°C, 
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calculated from the tendency line. Coefficient of determination for temperature 
anomaly is 0.87 under RCP4.5 and 0.95 under RCP8.5 scenario. Both future scenarios 
show a different temperature increase in the period 1965-2100. The temperature 
increment indicates significantly superior values under RCP8.5, compared to RCP4.5 
scenario. The temperature increase under RCP8.5 shows a higher temperature of 
1.78°C, compared to RCP4.5 scenario (see Table 23).  
 
Table 23: Increase of Tmean under RCP4.5 and RCP8.5 scenarios under projected period 2071-2100 
(period B) compared to the reference period 1965-1992 (period A).  

Period Climate scenario 

 Tmean_RCP4.5 Tmean_RCP8.5 

Period A: 1965-1994 9.67°C 9.67°C 

Period B: 2071-2100 12.87°C 14.65°C 
Temperature increase from 
period A to period B  3.21°C 4.99°C 

  

Progress of observed and modelized HI shows a positive tendency during the entire 
analysis period 1965-2100. Observed HI during the period 1965-2000 depicts moderate 
increase and afterwards the tendency slightly escalates during the second observation 
period 1998-2016 (see Fig. 34).  
  

 

 
Figure 34: Progress of observed (1965-2016) and modelized (1985-2100) bioclimatic index Huglin under 
RCP4.5 and RCP8.5 scenarios. HI_observations stands for annual average value of HI derived from 
observed temperature during period 1965-2016, HI_RCP4.5 stands for annual average value of HI derived 
from modelized daily temperature under RCP4.5 scenario 1985-2100 and HI_RCP8.5 stands for annual 
average value of HI derived from modelized daily temperature under RCP8.5 scenario (1985-2100). 

 

The tendency of modelized HI progress under RCP4.5 and RCP8.5 scenarios also 
indicates a growing trend during the reference period (1985-2005) and the modelized 
period (2005-2100). Roughly estimated, the difference in the HI under both climate 
scenarios considerably diverges from the year 2064. The HI progress under RCP8.5 
scenario escalates during the period 2064-2100, compared to the HI progress under 
RCP4.5 scenario, which shows a moderate and steady increase during the whole 
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scenario period 2005-2100. Progress of WI also shows a steady increase during the 
observation and modelized periods. Observed WI during the years 1965-2000 indicates 
moderate increase and, in continuation, the tendency slightly escalates during the 
period 2000-2016 (see Fig. 35).  
 

Figure 35: Progress of observed (1965-2016) and modelized (1985-2100) bioclimatic index Winkler under 

RCP4.5 and RCP8.5 scenarios. WI_observations stands for annual average value of WI derived from 

observed temperature during period 1965-2016, WI_RCP4.5 stands for annual average value of WI 

derived from modelized daily temperature under RCP4.5 scenario (1985-2100) and WI_RCP8.5 stands for 

annual average value of WI derived from modelized daily temperature under RCP8.5 scenario (1985-

2100). 

 

WI progress under both scenarios shows a steady upward trend during the analysis 

period 1985-2100. The difference between the WI progress under both scenarios 

indicates a similar trend, however, from the year 2058, roughly estimated, the WI values 

under RCP8.5 do start to rise above RCP4.5. The WI progress under RCP8.5 scenario 

shows higher growth during the period 2058-2100, compared to RCP4.5 scenario, which 

depicts a moderate and steady increase during the whole period 2005-2100. The 

increment of both bioclimatic indices shows higher values under RCP8.5 scenarios 

during the entire analysis period 1965-2100. WI progress shows the highest increase 

under RCP8.5 scenario, 872.52 points. The increase of HI under RCP4.5 scenario, 

demonstrates the lowest growth (435.05 points) (see Table 24). 
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Table 24: Increase of bioclimatic indices Huglin and Winkler in the period 1965-2100 under RCP4.5 and 
RCP8.5 scenarios. The increase was calculated by increase between reference period 1965-1994 
(observation data) and 2071-2100 (modelized scenarios RCP4.5 and RCP8.5).  

Time period Bioclimatic index 

 
Huglin, 
 RCP4.5 

Huglin, 
 RCP8.5 

Winkler, 
RCP4.5 

Winkler, 
RCP8.5 

Period A: 1965-1994 1738.37 1738.37 1219.62 1219.62 

Period B: 2071-2100 2173.43 2522.27 1707.45 2081.72 

Bioclimatic index 
increase from period 
A to period B 

435.05 783.89 487.83 862.10 

 
In the year 1965, viticultural site Brda was classified as HI’s “Cold class” and WI‘s “First 
region”. Hence, the suggested grape varieties according to bioclimatic index WI are Pinot 
noir, Riesling, Chardonnay, Gewurztraminer, Pinot grigio; according to HI: Sauvignon 
blanc, Riesling, Pinot noir, Chardonnay, Merlot and Cabernet franc. The common grape 
varieties, which are stated in HI ‘s “Cold class” and in “First region” of WI class, are 
Chardonnay and Riesling. By the year 2016, HI shifted to the next class, “Cool class” and 
WI to the next region, “Second region”. Proposed grape varieties for Cool HI class are: 
Cabernet Sauvignon, Ugni Blanc and Syrah. Suggested grape varieties for WI second 
region are: Cabernet sauvignon, Chardonnay, Merlot, Semillon and Syrah. Common 
grape varieties for both bioclimatic indices are Cabernet sauvignon and Syrah. The most 
important grape varieties for Goriška Brda in 2016 were Rebula (Ribolla Gialla), 
Chardonnay, Merlot, Sauvignonasse (Tocai Friulano) and Sivi pinot (Pinot gris) (Gorjak, 
2017). In comparison to the recommended varieties, there are two varieties in common. 
Chardonnay variety is suggested by both bioclimatic indices. Merlot is recommended by 
HI and is also a recommended variety in Goriška Brda according to Slovene viticulture 
legislation (Legal Information System of Slovenia, 2019). 
According to RCP4.5 scenario, the HI class for Goriška Brda will shift until the year 2100 

to “Warm class” with recommended grape varieties: Grenache, Mourvèdre and 

Carignan. WI will shift to the next region, “Third region”, with recommended varieties: 

Grenache, Barbera, Tempranillo and Syrah. Variety Granache is the only grape variety in 

common. According to RCP8.5 scenario there will be even more considerable shifts in 

bioclimatic classes. HI class will shift until the year 2100 by two classes. Goriška Brda will 

be in HI’s “Hot class”, which exceeds the heliothermic necessity to ripen the varieties, 

even the late ones. WI will shift until the year 2100 to the “Fourth region” with suggested 

grape varieties: Carignan, Cinsault, Mourvedre and Tempranillo. Goriška Brda will reach 

the penultimate class in both bioclimatic indices under RCP8.5 future climate scenario. 

The temperature increase during the period 2061-2100 of this section was compared to 

the temperature growth in section 3.2 in the same study site. The results from this 

analysis reveal a higher temperature increment under RCP4.5 and RCP8.5 scenarios. The 

temperature increases are higher by 0.81°C and 0.85°C, under RCP4.5 and RCP8.5 

respectively (see Table 25).  
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Table 25: Temperature increase from baseline (T1) to period T2. Baseline is defined as 1961-2000 
(Worldclim) and 1963-1992 (Euro-Cordex). T2 is defined from 2041-2060. 

 Section 3.2. 
(Worldclim dataset) 

Section 3.3.1 
(Euro-Cordex dataset) 

 RCP4.5 RCP8.5 RCP4.5 RCP8.5 

Temperature increase 
from period T1 to T2 (°C) 1.75 2.23 2.56 3.08 

 

The differences between the results were caused due to several possible reasons. (a) In 

section 3.2 the Worldclim dataset was used with distinct spatial resolution (approx. 1 

km x 1 km), compared to the resolution with the Euro-Cordex dataset (approx. 12.5 km 

x 12.5 km). Furthermore, the methodology for elaborating each climate model is distinct 

(Hijmans et al., 2005; Jacob et al., 2014). (b) In section 3.2 a different baseline (1961-

2000) was adopted, compared to 1963-1992, due to obtainable observation data. (c) In 

the section 3.2 were also used three weather stations, however the station Vedrijan was 

replaced by Godnje in this section, due to availability of observation data. Probably the 

most likely reason for the different temperature increases was caused by the usage of 

distinct climate models with a different spatial resolution.  

 

 Temperature and bioclimatic indices temporal analysis in Valencia DO (1965-

2100) 

According to available historical daily temperature data, tone weather station was 

chosen for this analysis in the Valencia DO site: Valencia airport (see Table 5 and Fig. 16). 

The analysis period 1965-2100 was chosen, under forcing scenarios RCP4.5 and RCP8.5 

(see 3.3.1). Temperature progress shows a steady increase at both stations during the 

period 1965-2100. Temperatures observations indicate a slightly decreasing tendency 

until the year 1972 and, afterwards, a steady increase until the year 2016. The observed 

temperatures reveal mostly higher values, compared to the modelized temperatures, 

during the observation period (1985-2016). The modelized temperature progress 

depicts a steady, positive trend during 1985-2100 under both scenarios. The 

temperatures under RCP4.5 and RCP8.5 scenarios show a similar fluctuation until the 

year 2050. Afterwards, the models diverge and temperature progression under RCP8.5 

demonstrates an increasing positive difference until 2100 in contrast with the 

temperature development under RCP4.5, which indicates a significantly moderate 

tendency after 2050 (see Fig. 36).  
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Figure 36: Temperature analysis of average values of the weather station Valencia airport.  
Tmean_observations stands for average annual observation data from 1965-2016, Tmean_RCP4.5 stands 
for average annual modelized temperature under RCP4.5 scenario (2005-2100) and Tmean_RCP85 stands 
for average annual modelized temperature under RCP8.5 scenario (2005-2100).  

 

Temperature progress of observed and modelized temperatures show a noticeable 

difference during the period 1985-2016 (Fig. 37). Both temperature advances depict a 

similar growing tendency, however, observed temperatures indicate higher values 

during the observation period, compared to modelized temperatures. This is in contrast 

with temperature progress in the Goriška Brda site, where observed temperatures 

indicate mostly lower values compared to modelized temperatures. The absolute 

average difference between observed and modelized temperature progress is 0.52°C 

(RCP4.5 and RCP8.5).  

 

  
Figure 37: Left graph: Comparison of observed and modelized annual Tmean, scenario RCP4.5 in the 
period 1985-2016. Tmean_observations stands for average annual observation temperature from 1985 
to 2016 and T_mean_rcp45 stands for average annual modelized temperature under RCP4.5 scenario. 
Right graph: Comparison of observed and modelized annual Tmean under RCP8.5 in the period 1985-
2016. Tmean_observations stand for average annual observation temperature from 1985 to 2016 and 
T_mean_rcp85 stands for average annual modelized temperature under RCP8.5 scenario.  
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The progress of temperature anomaly of observation data demonstrates a slightly 

negative tendency until the year 1976 and, afterwards, an increased positive tendency 

until 2016. According to the trendline, calculated with linear regression, temperature 

anomaly reveals a general positive tendency during observation period 1965-2016. 

Deviation from trendline show higher values during the second half of the whole analysis 

period. The temperature anomaly increases by 1.72°C, according to the trendline (1965-

2016) with the coefficient of determination 0.43. The increase is 0.02°C lower, compared 

to the Goriška Brda site (see Fig. 32). The trendline tendency shows a similar trend as 

the one for the Goriška Brda site. The point of crossing the 0°C axis occurs 3 years later 

(1978), compared to the Goriška Brda (see Fig. 38). 

 

 
Figure 38: Annual Tmean anomaly for period 1965-2016 (observation period). Reference value was 1965-
1994. T_anomaly_obs stands for observed annual Tmean. Trendline was calculated with linear regression.  

 

The temperature anomaly of observations demonstrates a negative tendency until the 

year 1985, roughly estimated. Afterwards, both models indicate a positive tendency 

until 2100. The modelized temperatures under both scenarios show similar upward 

trends, roughly until 2043: thereafter the anomalies under RCP4.5 and RCP8.5 scenarios 

diverge. The temperature anomaly under RCP8.5 scenario depicts a significantly higher 

increase, compared to the temperature anomaly under RCP4.5 scenario. Analysis of the 

Goriška Brda site shows fewer and less intense negative values of temperature anomaly, 

compared to the Valencia DO site. Nevertheless, most of the negative values were 

noticed in similar periods in both study sites: 1968-2018, roughly estimated (see Fig. 39).  
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Figure 39: Average annual temperature anomaly for the period 1965-2100 for RCP4.5 and RCP8.5 
scenarios. T_anomaly_45 stands for temperature anomaly for observation period 1965-2016 and 
modelized period 2016-2100 according to RCP4.5 scenario and T_anomaly_85 stands for temperature 
anomaly for observation period 1965-2016 and modelized period 2016-2100 according to RCP8.5 
scenario. Solid lines present the 10 years average value. Reference value is the period 1965-1994. 

Temperature growth suggests a different increment between both RCP scenarios. A 

higher increase, according to the reference period 1965-1994, indicates a temperature 

fluctuation under RCP8.5 scenario of 3.82°C. The increase under RCP4.5 scenario shows 

a significantly inferior value: 2.07°C, which is 1.75°C lower, compared to the RCP8.5 

scenario (see Table 26). 

 
Table 26: Increase of Tmean under RCP4.5 and RCP8.5 scenarios under projected period 2071-2100, 
compared to the reference period 1965-1994.  

Period Climate scenario 

 Tmean_RCP4.5 Tmean_RCP8.5 

Period A: 1965-1994 16.98°C 16.98°C 

Period B: 2071-2100 19.05°C 20.80°C 
Temperature increase from 
period A to period B  2.07°C 3.82°C 

 

The HI progress indicates a steady positive tendency during the whole analysis period 

(1965-2100), with the exception of observation period 1965-1977, where HI tendency 

shows negative values. Observation and modelized progress of HI during the period 

1985-2016 indicate a difference, however, the tendencies of both progressions reveal a 

similar trend. The modelized HI progress depicts similar steady progress under both RCP 

scenarios until 2050, roughly estimated, when the progress is diverged. HI under RCP4.5 

scenario continues a steady, positive tendency until 2100. In contrast, the HI progress 

under RCP8.5 reveals a higher increase and escalation until 2100, compared to RCP4.5 

scenario (see Fig. 40).  
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Figure 40: Progress of observed (1965-2016) and modelized (1985-2100) bioclimatic index Huglin under 
RCP4.5 and RCP8.5 scenarios. HI_observations stands for annual average value of HI derived from 
observed temperature during period (1965-2016), HI_rcp4.5 stands for annual average value of HI derived 
from modelized daily temperature under RCP4.5 scenario (1985-2100) and HI_rcp8.5 stands for annual 
average value of HI derived from modelized daily temperature under RCP8.5 scenario (1985-2100). 

 

Similarly, the progress of WI shows a steady increase during the analysis period (1965-

2100), with the exception of period 1965-1977, where the progress tendency indicates 

negative values. Observation and modelized progress of WI during the period 1985-2016 

demonstrate different values, however, the tendencies of both progressions are similar. 

The modelized WI progress shows a similar steady trend under both RCP scenarios until 

2050, roughly estimated, when the progress is diverged. WI under RCP4.5 scenario 

continues an upward trend until 2100. In contrast, the WI progress under RCP8.5, shows 

a higher increase and escalation until 2100, compared to RCP4.5 scenario (see Fig. 41). 
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Figure 41: Progress of observed (1965-2016) and modelized (1985-2100) bioclimatic index Winkler under 
RCP4.5 and RCP8.5 scenarios. WI_observations stands for annual average value of WI derived from 
observed temperature during period 1965-2016, WI_rcp4.5 stands for annual average value of WI derived 
from modelized daily temperature under RCP4.5 scenario (1985-2100) and WI_rcp8.5 stands for annual 
average value of WI derived from modelized daily temperature under RCP8.5 scenario (1985-2100). 

 

The increase of both bioclimatic indices depicts a higher increment under RCP8.5 

scenario, during the analysis period 1965-2100. WI advance shows the highest increase 

under RCP8.5 scenario, 916.82 points. The increase of WI also indicates the lowest 

growth, 221.90 points under RCP4.5 scenario (see Table 27). 

 
Table 27: Increase of bioclimatic indices Huglin and Winkler in the period 1965-2100 under RCP4.5 and 
RCP8.5 scenarios. The Bioclimatic index increase was calculated between reference period 1965-1994 
(observation data) and 2071-2100 (modelized scenarios RCP4.5 and RCP8.5). 

Time period Bioclimatic index 

 
Huglin, 
RCP4.5 

Huglin, 
RCP8.5 

Winkler, 
RCP4.5 

Winkler, 
RCP8.5 

1965-1994 2561.69 2561.69 2287.03 2287.03 

2071-2100 3097.64 3462.75 2798.83 3203.85 
Bioclimatic index increase 
 (1965-2100) 535.95 901.06 511.80 916.82 

 

According to observations and model in recent years, Valencia DO site corresponds to 

the “Hot” HI class and (see Fig. 40). By the year 2045, the HI model, under RCP8.5 

scenario, shows a shift to the “Very hot” class (>3000 HI points), where there is no 

heliothermal constraint for the grapes to ripen (Huglin, 1978). The HI advance under 

RCP8.5 continues to grow and reaches 3570 HI points by the year 2100. HI progress 

under RCP4.5 depicts more optimistic results for the future of viticulture in wine growing 

region Valencia DO; it will remain by the year 2050 in the Hot HI class, where viticultural 
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potential exceeds the heliothermal needs to ripen the grape varieties. However, 

afterwards the HI progress suggests a shift to “Very hot” class. According to the grape 

varieties recently cultivated in Valencia DO (see 2.2.2), it corresponds to Region 3 and 4 

of WI bioclimatic index: Tempranillo, Monastrell, etc. (Winkler et al., 1974). WI, 

calculated from observed and modelized temperature data during recent years, 

corresponded to the Region 5, where suggested grape varieties are Primitivo, Nero 

d’avola, Palomino and Fiano. Modelized WI progress by 2100 shows positive growth 

under the  both scenarios and it remains in the Region 5 (see Fig. 41). Around the year 

2055, the WI model under RCP4.5 shows a shift, where WI points exceed 2800 points, 

suggesting too hot conditions for viticulture. The WI model under RCP4.5 shows 

moderate progress, nevertheless it passes the 2800 WI points barrier around the year 

2090.  

Both bioclimatic indices models were tested according to the recommended and already 

growing grape varieties in Valencia DO. In the Goriška Brda site, models of bioclimatic 

indices, and especially bioclimatic indices derived from observations, indicate asimilar 

correlation with the grape varieties presently growing there, compared to Valencia DO 

region. The highest increase of bioclimatic indices by the year 2100, was noticed in the 

Valencia DO site: 916.82 WI points under RCP8.5 scenario. HI showed the lowest growth 

under RCP4.5 scenario: 435.05 points in the Goriška Brda site. The difference between 

suggested grape varieties by bioclimatic indices and the reality, is derived from the 

generalisation of the indices and by using weather stations which, although are located 

close to the viticultural region, are not directly in the vineyard. Another probable cause 

of the difference is the spatial resolution of the future climate models, which are 

reflected in the bioclimatic models. The grape variety estimation is based on the 

temperature observations and temperature climate models. According to the cultivar, 

there are other important environmental factors like topography, soil properties, sun 

exposure, etc. (Creasy & Creasy, 2009; Vršič & Lešnik, 2010) which influence the growth 

of the vine and selection of the grape variety.  

Using modelized data causes a certain level of uncertainty, since future climate models 
do not present the future with 100% certainty. A climate model is a simplified 
representation of future climate (Boé, 2007). To achieve a more precise future 
temperature tendency, there should be a higher number of weather stations with 
homogenic spatial distribution. Moreover, in the future, more climate data will be 
available, hence more precise future climate models can be created. Nevertheless, the 
computer technology advances, along with the research progress. Downscaling 
methodology will contribute to higher spatial resolution and more precise future climate 
data. By having more future climate data, there will be more available data to respond 
to the future impact of climate change. 
 

3.4 Analysis 4: Spatial-temporal analysis of temperature and precipitation 

(1967-2100) 

The objective of this chapter is to conduct a spatial-temporal temperature and 
precipitation analysis under RCP4.5 and RCP8.5 scenarios in both study sites. 
Temperature analysis was conducted for the period 1985-2100, and precipitation 
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analysis for the period 1967-2100. Daily temperature data from eight stations in Goriška 
Brda and seven stations from the Valencia DO study site were used. For daily 
precipitation dataset were used only one station from each site (see Table 5, Fig. 15 and 
Fig. 16). This chapter is divided into two sections: In the first section, results of 
temperature analysis are discussed and, in the second, results of the precipitation 
analysis. The methodology used in this chapter is described in the Methodology section 
(see 2.10).  
 

 Spatial distribution of meteorological stations in both study sites 

The chosen weather stations offer variable historical datasets (section 2.3), therefore 

for temperature analysis, observation data for the period 1985-2016 and, in 

precipitation analysis, for the period 1967-2016 were used. Daily precipitation data were 

retrieved from the weather stations Bilje (Goriška Brda) and Valencia airport (Valencia 

DO), due to their closeness to the wine making regions and due to their long history of 

precipitation data, compared to other stations. Observed daily meteorological 

parameters, along with the climate models under RCP4.5 and RCP8.5 scenarios, were 

statistically analysed and compared (see Fig. 42).  

 

  
Figure 42: Wine growing site Goriška Brda (left map) and Valencia DO (right map) with weather stations 
used in this analysis.  

 

 Spatial-temporal temperature analysis in Goriška Brda  

Daily temperature data were available from most of the weather stations in the Goriška 

Brda site for the entire observation period of 32 years (1985-2016). Exceptions were 

weather stations Vedrijan, Nova Gorica, Nanos and Lignano (see Table 28). 
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Table 28: The list of used weather stations from the study site Goriška Brda with their period of available 
daily temperature data. 

Weather 
station Observation period 

Bilje 1985-2016 

Godnje 1985-2016 

Vojsko 1985-2016 

Lignano 2000-2016 

Vedrijan 1985-1990 

Vogel 1985-2016 

Nanos 1985-2001 

Nova Gorica 1985-2000 

  

Observed and modelized temperatures demonstrate different values in weather 

stations during the period 1985-2016, which was expected due to uncertainties of 

climate models (section 1.4.2). Also, the temperature increase between the reference 

(1985-2014) and future (2071-2100) periods, show different values in stations under 

both future climate scenarios (see Fig. 43). The annual difference between observed and 

modelized temperature progress for the period 1985-2016, and temperature increase 

for the period 1985-2100, for each weather station is displayed in the Annex (section 

6.2.1).  

 

 
Figure 43: Average differences between observation and modelized temperature for the period 1985-
2016 and increase of temperature under projected period 2071-2100, compared to baseline 1985-2014 
(RCP4.5 and RCP8.5 scenarios) for each weather station in Goriška Brda. Observation periods vary for each 
weather station (see Table 31). 
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The lowest average difference between observed and modelized data for the period 

1985-2016 indicates station Vedrijan (0.40°C under both climate scenarios) and, the 

maximum, station Vojsko (1.93°C under RCP4.5 and 1.96°C under RCP8.5 scenario). The 

average difference between observed and modelized data in all eight weather stations 

is 1.06°C (under RCP4.5 and RCP8.5, the same value). Temperature increase until 2100 

shows significantly higher values under RCP8.5, compared to the RCP4.5 scenario in all 

weather stations. The highest (3.76°C under RCP8.5) and the lowest temperature 

increase (1.36°C under RCP4.5) are shown at station Vogel, which is located furthest 

away from the seacoast(see Fig. 44).  
 

  
Figure 44: Increase of average annual temperature in weather stations in Goriška Brda under projected 
period 2071-2100, compared to baseline 1985-2014 under RCP4.5 (left map) and RCP8.5 scenario (right 
map).  

 

According to RCP4.5 and RCP8.5 scenarios, the temperature increase until the year 2100 

will be greater in the regions further from the seacoast and on higher altitudes, 

compared to coastal regions. Weather stations Vogel, Vojsko and Nanos suggest higher 

temperature increase compared to the other weather stations closer to the coast under 

RCP4.5 and RCP8.5 scenarios. Differences in temperature among weather stations 

demonstrate a temporal spatial variability of temperature in the Goriška Brda site for 

which exist several probable reasons. The spatial resolution (12km x 12km) of the used 

Euro-Cordex temperature model (Euro-Cordex, 2017), generates an error between the 

observation dataset from the weather station and the model data. This error is 

especially significant in hilly regions with a large number of variable altitudes. The error 

can be generated also due to a lack of available observation data from meteorological 

stations, e.g. weather stations Vedrijan and Nanos with an observation dataset of 5 and 

6 years, respectively.  

Modelized and observed temperature progress from stations for the period 1985-2100, 

also confirm high spatial variability of temperature increase in the Goriška Brda site. A 

lower temperature increment, until the year 2100, is expected in areas closer to the 

seacoast, compared to the regions inland (Carey, 2001; Lorenzo et al., 2013), which 
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confirms the elaborated models from this thesis. The most probable reason for a 

difference in spatial distribution of temperature future trends is the influence of the 

Mediterranean Sea. The topography and closeness of the Mediterranean Sea play an 

important role in spatial-temporal future temperature models in Goriška Brda. The 

meteorological stations closer to the sea, with direct sea influence and without high 

topographical barriers (Lignano, Godnje, Bilje, Nova Gorica and Vedrijan), show clearly 

a lower temperature increase until 2100, compared to the stations further away from 

the seacoast (Nanos, Vojsko and Vogel). The Nanos and Vojsko stations share a similar 

distance from the coast as Vedrijan, Nova Gorica and Bilje, however, there are hilly 

regions, Trnovski gozd and Brkini, preventing direct sea influence. According to the 

spatial analysis from weather stations within and in the surroundings of the wine making 

region Goriška Brda, a higher temperature increase is expected in the northern part by 

year 2100. According to future climate studies in Slovenia, the air temperature in 

Slovenia will most likely rise from 0.5°C to 2.5°C in period 2001-2030, from 1°C to 3.5°C 

in period 2031-2060 and from 1.5°C to 6,5°C in period 2061-2090 (Bogataj, 2009). The 

temperature increase from the study site Goriška Brda confirms the predictions under 

both climate scenarios.  

 

 Spatial-temporal temperature analysis in Valencia DO 

Daily temperature datasets retrieved from the weather stations in Valencia DO site, 

spanned from 14 to 32 years within the time frame 1985-2016. The datasets for the 

maximum period, were retrieved from the meteorological stations Albacete, Castellón, 

Teruel and Valencia airport using the data from the ECA&D datasets (Ecad, 2016). The 

data with an inferior time frame (Cheste, Llíria and Requena) were retrieved from the 

dataset from the IVIA (IVIA, 2017) (see Table 29).  

 
Table 29: The list of weather stations in Valencia DO site with their period of available daily temperature 
datasets.  

Weather station Observation period 

Albacete 1985-2016 

Castellón 1985-2016 

Cheste 2000-2016 

Llíria 2000-2016 

Requena 2002-2016 

Valencia airport 1985-2016 

Teruel 1987-2016 

 

The differences between observed and modelized temperature data for the timeframe 

1985-2016 vary notably between the weather stations in the study site Valencia DO. The 

differences are equal or higher under RCP8.5, compared to the differences under RCP4.5 

scenario. The minimum difference is shown at station Llíria (0.47°C under RCP4.5) and 

the maximum at station Castellón (2.25°C under RCP8.5). Augmentation of temperature 

between the reference (1985-2014) and future (2071-2100) periods show a significantly 

higher trend under RCP8.5 scenario, compared to the RCP4.5 scenario. The maximum 
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temperature growth is shown at station Teruel (3.91°C, under RCP8.5) and the 

minimum, at station Castellón (1.57°C). The average difference between observed and 

modelized data according to all seven stations, is 1.12°C under RCP4.5 and 1.13°C under 

RCP8.5 scenario (see Fig. 45).  

 

 
Figure 45: Average differences between observation and modelized data for the period 1985-2016 and 
the increase of temperature under projected period 2071-2100, compared to baseline 1985-2014 (RCP4.5 
and RCP8.5 scenarios) for each weather station in Valencia DO. Observation periods vary for each weather 
station (see Table 31).  

 

Areas further away Mediterranean coast will experience a significantly higher 

temperature increase until the year 2100. The maximum temperature rise, according to 

the reference period 1985-2014, is shown at the three inland stations: Albacete, Teruel 
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and Requena. The stations closer to the seacoast (Valencia airport, Cheste, Llíria and 

Castellón) indicate a lower temperature increase (see Fig. 46). 

 

  
Figure 46: Increase of average annual temperature in weather stations at the study site Valencia DO for 
the period 1985-2100 under RCP4.5 (left map) and RCP8.5 scenario (right map), using baseline 1985-2014. 

 

The average differences between observation and modelized data, during the period 

1985-2016, showed a significant deviation between data from weather stations at the 

Valencia DO site. The possible reasons for the difference are the same as discussed for 

Goriška Brda (see 3.4.2). Meteorological stations Teruel and Albacete are the furthest 

away from the seacoast therefore, they will experience a higher temperature increase, 

compared to other stations. Higher temperature augment is also expected due to 

topographical reasons: located between both stations and the seacoast is the 

topographical barrier called the Iberian System “Sistema Ibérico”, which prevents direct 

sea influence. Wine region Valencia DO is located in the region that is under direct 

influence from the Mediterranean Sea from the east side. Therefore, the influence of 

the Mediterranean Sea affects the climate in Valencia DO. Nevertheless, temperature 

growth until the year 2100 is expected to be higher in western and north-western parts 

of the Valencia DO site.  

The recent study of Fernández et al. (2018) discussed the Tmean increase in continental 

Spain of 1.0-1.6°C (the 25th and 75th percentile ranges) by 2021-2050, using the 

reference period 1971-2000, according to the Euro-Cordex ensemble of RCMs. Our 

study showed a temperature increase of 0.8°C (under RCP4.5) and 1.1°C (under RCP8.5), 

being a recalculated temperature increase by 2021-2050 using the reference period 

1985-2014. The difference between the two results were caused due to different 

reference periods, the uncertainties of climate models, different study areas (Spain Vs. 

Valencia DO site), etc. Nevertheless, the outcomes from both studies show similar 

results.  
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 Comparison of spatial-temporal progress of temperature between Goriska Brda 

and Valencia DO 

The average difference between observed temperature data (for the period 1985-2016), 

and modelled temperature data (until the year 2100) were calculated for each study 

site, using the results from two weather stations: Valencia airport (Valencia DO) and Bilje 

(Goriška Brda) (see sections 3.4.2 and 3.4.3). The weather stations were chosen due to 

their closeness to the study sites. In the Goriška Brda study site, the temperature 

increase shows higher values, compared to the Valencia DO study site. This higher 

increase at the Goriška Brda site applies with both RCP4.5 and RCP8.5 scenarios. Average 

differences between observed and modelized temperatures (1985-2016) are 0.65°C 

(under RCP4.5 and RCP8.5) in Goriška Brda and 0.52°C (RCP4.5 and RCP8.5) in Valencia 

DO. Hence, there is a relatively strong correlation between the Euro-Cordex climate 

models and observations. 

 

 
Figure 47: Comparing average difference between observation and modelized data for the period 1985-
2016 and increase of temperature under projected period 2071-2100, compared to baseline 1985-2014 
under RCP4.5 and RCP8.5 scenarios, between Goriška Brda and Valencia DO study sites. 

 

The future temperature model reveals higher values at the Goriška Brda site. The 

correlation between observed and modelized temperature during the period 1985-2016 

is stronger in Valencia DO site, which generally demonstrates a more accurate climatic 

model. Average modelized temperatures in Goriška Brda (1985-2016) tend to indicate 

lower values, compared to observation data. The opposite occurs at the Valencia DO 

site, where modelized temperatures tend to show higher values, compared to 

observation data. The progress of average modelized temperatures starts to diverge 

around 2050 and reaches a maximum divergence in 2100 at both study sites. After 2050 

the upward trend is greater under RCP8.5 compared to RCP4.5 (see Fig. 48).  
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Figure 48: Progress of observed average annual and modelized temperatures for the period 1985-2100 
under RCP4.5 and RCP8.5 scenarios in Goriška Brda and Valencia DO. Valencia DO refers to the weather 
station Valencia airport in Valencia DO site and Brda refers to the weather station Bilje in Goriška Brda 
site. Tmean_VLC_observations and Tmean_Brda_observations  stand for average annual observations for 
temperatures, T_mean_ValenciaDO_RCP4.5 and T_mean_Brda_RCP4.5 stand for average annual 
modelized temperatures under RCP4.5 scenario and T_mean_ValenciaDO_RCP8.5 and 
T_mean_Brda_RCP8.5  stand for average annual modelized temperatures under RCP8.5 scenario. 

 

The temperature anomaly depicts a similar, increasing trend at both study sites for the 

period 1985-2100. The two temperature anomalies under RCP8.5 start to diverge from 

temperature anomalies under RCP4.5 around the year 2050. Afterwards, they escalate 

until 2100, when they reach the highest difference. The correlation between 

temperature anomalies at both study sites under RCP4.5 is stronger, compared to 

temperature anomaly under RCP8.5 (see Fig. 49).  
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Figure 49: Average annual temperature anomaly for the period 1985-2100 at the Goriška Brda and 
Valencia DO study sites according to RCP4.5 and RCP8.5 scenarios. Valencia DO refers to the weather 
station Valencia airport in Valencia DO site and Brda refers to the weather station Bilje in Goriška Brda 
site. Anomaly_Brda_RCP4.5 and Anomaly_ValenciaDO_RCP4.5 stand for temperature anomaly  from 
baseline period 1985-2014 under RCP4.5 scenario, Anomaly_Brda_RCP8.5 and 
Anomaly_ValenciaDO_RCP8.5 stand for temperature anomaly  from baseline period 1985-2014 under 
RCP8.5 scenario. Solid lines present the 10 years average value. 

 

The temperature increase for the projected period 2071-2100, compared to baseline 

period 1985-2014, presents a significant impact on viticulture at both study sites in the 

future: between 1.27°C (RCP4.5) and 3.02°C (RCP8.5) in Valencia DO and between 2.16°C 

(RCP4.5) and 3.95°C (RCO8.5) in Goriška Brda. The temperature growth indicates similar 

values at both study sites. Nevertheless, Valencia DO site is expected to be more 

affected by the temperature increase in the future, due to a considerably higher present 

temperature: the average daily Tmean for the period 1985-2016 was 5.14°C higher at 

the Valencia DO site, compared to Goriška Brda. Hence, the Valencia DO site will 

experience a higher environmental impact. From an economic standpoint, the viability 

of viticulture at this site will be at stake.  

 

 Temporal precipitation analysis in Goriška Brda and Valencia DO 

Average difference between the observed and modelized precipitation is significantly 

higher at the study site Goriška Brda, compared to Valencia DO, for the period 1985-

2016. Precipitation levels almost double at the Goriška Brda site under both forcing 

scenarios. The future precipitation trend for the projected period 2071-2100, compared 

to the baseline period 1967-1996, reveals a lower, negative trend in Valencia DO. 

Goriška Brda will enjoy a positive increase in rainfall (4.41 mm, under RCP4.5), which is 

the only positive growth until the year 2100. The calculated projections show an almost 

double decrease of rainfall in Valencia DO under RCP8.5 scenario, compared to RCP4.5. 

Nevertheless, the difference between forcing scenarios at the Goriška Brda site is higher. 

Under RCP8.5 scenario, the precipitation will decrease by almost three times of that 

shown under the RCP4.5 scenario (see Fig. 50). 

 

-1

0

1

2

3

4

5

1
9

8
5

1
9

9
0

1
9

9
5

2
0

0
0

2
0

0
5

2
0

1
0

2
0

1
5

2
0

2
0

2
0

2
5

2
0

3
0

2
0

3
5

2
0

4
0

2
0

4
5

2
0

5
0

2
0

5
5

2
0

6
0

2
0

6
5

2
0

7
0

2
0

7
5

2
0

8
0

2
0

8
5

2
0

9
0

2
0

9
5

2
1

0
0

A
n

n
u

al
 a

ve
ra

ge
 t

em
p

er
at

u
re

 (
°C

)
Anomaly_Brda_RCP4.5

Anomaly_Brda_RCP8.5

Anomaly_ValenciaDO_RCP4.5

Anomaly_ValenciaDO_RCP8.5



RESULTS AND DISCUSSION 

100 
 

 
Figure 50: Difference between observed and modelized precipitation for the period 1985-2016 at both 
study sites (four bar charts on the left). Increase of precipitation under projected period 2071-2100, 
compared to observed baseline (1967- 1996) under RCP4.5 and RCP8.5 scenarios (four bar charts on the 
right).  

 

Observations of precipitation fluctuation show a considerably higher amplitude, 

compared to models (RCP4.5 and RCP8.5) during the reference period 1985-2016. The 

intensity of precipitation amplitude is higher at the Goriška Brda site and especially 

peaks in the years 2010, 2011 and 2015. Hence, the average difference between 

observed and modelized precipitation is greater, compared to Valencia DO. Most of the 

observed and modelized peaks are synchronized at both study sites, which suggests a 

relatively high correlation with the climate model. The progress of modelized 

precipitation, under RCP4.5 and RCP8.5 scenarios, share a similar moderate tendency at 

in both study sites. However, both precipitation models reveal higher amplitude at the 

Goriška Brda site (see Fig. 51). 

  

253.99 255.89

4.41

-9.89

134.94
148.77

-56.11
-83.45

-150.00

-100.00

-50.00

0.00

50.00

100.00

150.00

200.00

250.00

300.00

Average difference
(RCP4.5)

Average difference
(RCP8.5)

Increase 1967-2100
(RCP4.5)

Increase 1967-2100
(RCP8.5)

P
re

ci
p

it
at

io
n

 (
m

m
)

Goriška Brda Valencia DO



RESULTS AND DISCUSSION 

101 
 

 
Figure 51: Progress of observed average annual and modelized precipitation under RCP4.5 and RCP8.5 
scenarios for the period 1985-2100 in Goriška Brda and Valencia. P_VLC_observations stands for average 
annual observations of precipitation at weather station Valencia airport (Valencia DO), 
P_Brda_observations stands for average annual observations of precipitation at weather station Bilje 
(Goriška Brda), P_VLC_RCP4.5 stands for average annual modelized precipitation at weather station 
Valencia airport (Valencia DO) under RCP4.5 scenario, P_VLC_RCP8.5 stands for average annual modelized 
precipitation at weather station Valencia airport (Valencia DO) under RCP8.5 scenario, P_Brda_RCP4.5 
stands for average annual modelized precipitation at weather station Bilje (Goriška Brda) under RCP4.5 
scenario and P_Brda_RCP8.5 stands for average annual modelized precipitation at weather station Bilje 
(Goriška Brda) under RCP8.5 scenario. 

 

The fluctuation in precipitation between the two study areas shows a significant 

difference. Goriška Brda enjoys largely regular precipitation throughout the whole year 

totalling about 1500 mm per annum (Ažman et al., 2008; Gorjak, 2017), in contrast to 

Valencia DO where rainfall throughout the year is irregular. Most of the precipitation 

occurs at the end of summer, due to the meteorological phenomenon called “Gota fria” 

(Confederación Hidrográfica del Júcar, 2019). The annual present precipitation is about 

424 mm (IVIA, 2017), which is about 1076 mm less than in Goriška Brda. Differences 

between observed and modelized precipitation during the reference period 1985-2016, 

were elevated at both sites, especially at the Goriška Brda site. Nevertheless, the the 

progress of the observed and modelized precipitation levels show a synchronized trend, 

which confirms the reliability of the precipitation model. The precipitation trend under 

both forcing sceneries (RCP4.5 and RCP8.5) shows no significant increase, or decrease, 

until the year 2100 at both study sites. Nevertheless, the extreme precipitation, along 

with other extreme meteorological events due to the climate change (IPCC, 2018), are 

expected at both wine making sites. At the present time, there is almost no irrigation in 

Goriška Brda, however irrigation is a common practice in Valencia DO. A stronger 

environmental impact will therefore be experienced in Valencia DO due to less 

precipitation in the future, compared to Goriška Brda, which already enjoys almost three 

times more rainfall (Gorjak, 2017, IVIA, 2017). The combination of temperature increase 

and precipitation decrease will affect the economic prospects for viticulture in Valencia 

DO and, without successful adaptation, its future will become uncertain. According to 

the ENSEMBLES project (Van Der Linden & Mitchell, 2009), the average change in 
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precipitation under the projected period 2021-2050, will increase by 0-1%, compared to 

the baseline period 1961-1990 in Goriška Brda. The results of this thesis show a 4% 

decrease, the average under RCP4.5 and RCP8.5 scenarios. Considering the reference 

period was not the same, the difference between the predictions was less than 5%, 

which make our results comparable to the results from the ENSMBLES project. The study 

of Fernández et al. (2018) showed an average precipitation decrease in continental Spain 

of 0.25-10.5% (the 25th and 75th percentile ranges) by 2021-2050 using the reference 

period 1971-2000, according to the Euro-Cordex ensemble of RCMs (Jacob et al., 2014). 

Our study showed a decrease in rainfall at the Valencia DO site of 6.0% (RCP8.5) and 

6.8% (RCP4.5) by 2021-2050, using the same reference period. The results of this thesis 

fit roughly in the middle of the range showed in the Fernández (2018) study. The 

difference between the two sets of results was most probably due to different study 

area locations (Spain vs. Valencia DO site), the uncertainties of climate models and 

different methodologies. Nevertheless, the results from both studies are similar. 

 

3.5 Analysis 5: Assessment of viticultural potential and delineation in Goriška 

Brda 

Analysis of the viticultural potential of Goriška Brda was conducted by using the 

methodology described in the Methodology section (see 2.11). The results are divided 

into three sections. The first section describes the results of the GIS analysis of the 

spatial distribution of topographical, climatic and pedological factors. The second part 

shows the results of suitability distribution in numerical tables. Finally, the third section, 

presents the spatial distribution of topographical, climatic and pedological suitability for 

different quality wines, according to the evaluation system described in Table 14. Results 

are presented on several maps of viticultural potential for each suitability category: 

topographical, pedological and climate. Each category map spatially defines areas for 

growing grape with a different purpose: from zones not suitable for grape growing, to 

zones suitable for quality red wine production. Emphasis is made on the final suitability 

map, which reflects a combination of the topographical, pedological and climate 

suitability maps. Topography, soil and climate have a strong influence on vine 

performance (Fraga et al., 2014), hence it is significant to study all three concepts in 

order to enhance the wine quality.  

 

 Spatial distribution of topographical, pedological and climatic factors 

To increase the understanding of data, and the results of the research, the study area 

was roughly divided according to slope and topography characteristics into two zones, 

designated as Higher (HZ) and Lower zone (LZ) (see Fig. 52a and Fig. 52b). The HZ is 

characterized by slopes predominantly higher than 6%, and where a majority of terrain 

is higher than 200 m asl. The LZ is characterized by slopes that are mainly less than 6% 

and where a majority of terrain is lower than 200 m asl. Most of the vineyards are 

located in the LZ, due to preferable warmer conditions for grape production. There are 

four major ridges which run north-east (NE) towards the south-west (SW) and are 
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residues from alpine orogenesis (Placer, 1981; Fikfak et al., 2017) (see Fig. 52c). 

Topographical factors show high variability of terrain in the whole study area. The 

terrain reveals predominantly SW and southern aspects, on 45.14% of the study area. 

Most of the areas with southern aspects are located in the eastern part. Areas with a 

mostly northern aspect, are distributed throughout the entire study area, however, the 

central and western part contains a higher concentration. Most of the plain areas are 

located in the southern part. Areas with a western and eastern aspect are 

homogeneously distributed. The variability in altitude of the study site is rather 

moderate, since a majority of the terrain is characterised by a 6% slope (see Fig. 52d).  

 

  

  
Figure 52: Maps of spatial distribution of topographical factors in Goriška Brda (Brda): (a) map of DEM 
(expressed in m asl); (b) map showing partition of LZ and HZ with major villages; (c) map of topographical 
aspect (expressed as H (horizontal), N (northern), NE (north-eastern), E (eastern), SE (south-eastern), S 
(southern), SW (south-western), S (southern), SE (south-eastern), W (western) and NW (north-western); 
and (d) aspect and map of slope (expressed in slope percentage). 

 

The humus content varies between a minimum of 0.54% to a maximum of 6.64%. Higher 

levels of humus are located in the extreme eastern and northern part (see Fig. 53a). Soil 

with the highest clay content is found in the eastern and NE part (see Fig. 53b). Clay 

concentration levels in soils gradually decrease from maxims of 32.63% in the NE to 

minims of 26.71% towards the SW part of Brda. Soils with the highest gravel content are 

found in the eastern part and decrease slowly from 34.84% to 12.17% towards the south 

(see Fig. 53c).  
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Figure 53: Maps of pedological factors of Brda: Map of contents of humus (a), clay (b) and gravel (c). All 
values are expressed in percentage of pedological factor’s content in the soil. 

 

With regard to climatic factors, spatial distribution of AAT reveals higher values (12.4°C) 

in the LZ, compared to the HZ where the minimum is 8.1°C (see Fig. 54a). The TWM show 

similar spatial distribution of maximum (22.3°C) in LZ and minimum temperatures in HZ 

(see Fig. 54b). The SET, IAOe and IHa, being based on temperature, show relatively 

similar spatial distributions, where maximum values are in the LZ, and gradually diminish 

towards the NE part of the HZ (see Fig. 54c, Fig. 5d and Fig. 5e). Due to the altitudinal 

gradient of 0.65°C, the spatial distribution of AAT, TWM and SET values depict a gradual 

diminishment from the LZ towards higher latitudes in the HZ. Bioclimatic indices SET, 

IAOe and IHa show nearly double values in the LZ, compared to the HZ: with values of 

1521, the SET shows the LZ to have the highest viticultural potential in contrast to only 

a few limited areas at higher altitude (approx. 200 m asl) in the north and south-east 

(SE) areas of Brda. Areas with higher hours of ASD (see Fig. 54f) are located in elevated 

areas (1451h) in the north, especially on southern slopes; lower values reach (813h) in 

northern slopes mostly in the HZ. The potential sunshine duration (PSD) depicts a similar 

spatial distribution with nearly double values (See Fig. 54g). Actual GR shows higher 

values (101 kcal/cm2) on southern slopes and lower values on northern slopes (27 

kcal/cm2) (See Fig. 54h). Spatial distribution of global potential radiation depicts similar 

a spatial distribution (See Fig. 54i).  
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Figure 54: Maps of climatic factors and indices of Brda. All values represent average values during growing 
season for the period 1980-2014. Map (a) represents AAT, and map (b) TWM. Maps (c), (d) and (e) depict 
bioclimatic indices SET, IAOe and IHa, respectively. ASD and PSD are represented in maps (f) and (g), 
respectively. Actual and global potential radiation are shown in maps (h) and (I), respectively. Map (j) 
indicates PP, and map (k) LGS. 
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Figure 54 (continuation): Maps of climatic factors and indices of Brda. All values represent average values 
during growing season for the period 1980-2014. Potential radiation is shown in map (i), map (j) indicates 
PP and map (k) LGS. 

PP during the growing season shows more abundant rainfall in the HZ (1343 mm), 

compared to the LZ (707 mm) (See Fig. 54j). This is equally beneficial for yield size and 

grape quality, taking into account the high values of heliothermic factors in the area, 

which can lead to severe evapotranspiration and water deficit, especially in lower areas. 

LGS is significantly longer in the LZ, up to 212 days per year, compared to the HZ, where 

it reaches the minimum of 157 days, practically insufficient for the maturation of grapes. 

The higher value of 212 days, reveal conditions for maturing grapes, including late 

varieties, lasting over 190 days (See Fig. 54k). 

Each environmental factor represents an essential part in spatial analysis of viticultural 

potential. Furthermore, spatial distribution of environmental factors, and their 

suitability, represent an essential tool to elaborate the viticultural potential of Brda. 

According to the topographical factors, the most appropriate areas suitable for quality 

red wine production (class I) are located on the terrains with southern, SW and SE 

aspects, which are located mostly in the HZ. According to the slope characterization, the 

most suitable areas for quality grape production (class I) are located close to the valley 

bottoms. Nevertheless, the predominant class II covers 81.19% of the entire study site. 
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The viticultural potential for the production of white table and sparkling wines and wines 

for distillates (class III) are located in the valley bottoms. The most favourable areas for 

red quality wine (class I) according to the humus content, are mostly in the LZ and, 

according to the gravel content, in the whole study site, accept in the NE part of the HZ. 

The clay content in soils shows the entire Brda region is suitable for the production of 

quality white wines. According to the pedological factors, there were no areas 

unsuitable for grape and wine production.  

The variation of temperature at altitude has a significant impact on grape production 

(Herrera Nuñez et al., 2011). Spatial variability of temperature is manifested by a 

difference in altitude. According to AAT, the highest viticultural potential is distributed 

across the entire study site, with the exception of the NE part of the HZ. Environmental 

factor TWM shows the areas suitable for the cultivation of quality red wine are mostly 

in the LZ. Areas with a higher altitude (NE part) reveal an inferior viticultural potential, 

in comparison to areas with a lower altitude. Moreover, high topographical variability in 

altitude shows an AAT 4.3°C higher in eastern part of study site, compared to southern 

part. A similar difference (4.5°C) is shown with the TWM. Higher values of actual and 

PSD are found on northern exposures with lower values on southern exposures. 

According to the suitability of sunshine duration, there are two areas in Brda. Areas on 

the northern slopes are suitable for the production of white table wines (class III), 

however southern slopes are not suitable for viticulture. 

Distribution of actual and potential global radiation is on the opposite aspect to actual 

and PSD. It shows higher values on southern slopes and lower ones on northern slopes. 

Values of global potential radiation are approx. 15% higher, compared to actual GR 

across the whole study site. The majority (56.92%) of areas suitable for quality red wine 

(class I) are distributed on southern slopes. Most of the northern slopes are 

characterized as areas not suitable for vine growing. Areas suitable for grape production 

for lower wine quality (white table wine and quality white wine) are distributed mostly 

on northern slopes, nevertheless, this viticultural potential represents only 21.36 % of 

the study area. Precipitation during the growing season has varies significantly, by 636 

mm, showing a high precipitation variability in a relatively small area. Areas with inferior 

precipitation are located in the plains, especially in the LZ. The amount of precipitation 

increases gradually towards higher areas: the maximum is located in the NE and eastern 

parts of the HZ.  

Distribution of LGS shows higher values in the LZ and in the lower parts of the valleys. 

Areas in the extreme NE and extreme eastern part of the HZ have a shorter number of 

days. A large part of the area (80.17%) has LGS suitability for quality red wine class I. 

Areas with lower viticultural potential are located in the extreme eastern part of the HZ. 

Similar results of the spatial analysis of the environmental characteristics of Brda were 

reported by Fikfak et al. (2017).  

 

 Suitability of topographical, pedological and climatic factors 

The structure of suitability for grapevine growing for each environmental parameter is 

shown in Table 30 and Table 31. The structure is determined according to the limits and 
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classes mentioned in Table 15. The spatial distribution of slope suitability shows that 

most of the Brda district is characterised by class II (slopes greater than 15%, difficult to 

work), and only 9% for both of the I and III classes. This is specific to the Piedmont region, 

with ragged terrains. Regarding the terrain aspect, nearly half of the surface is defined 

as class I (SW, south, SE), that assures high values of heliothermal parameters and is very 

suitable for grape quality; class II at 25% (eastern, western and horizontal aspects) is less 

suitable, and class III at 29% (NW, north and NE) the least suitable. In the context of 

climate change, when the values of heliothermal factors become excessive on southern 

aspects, it is possible, that northern aspects become more suitable, so that the high 

percentage of the present northern aspects can be appreciated as a future reserve of 

suitability for Brda region.  

 
Table 30: Topographical and pedological factors and their related environmental parameters with their 

suitability intervals.  

Environmental 
category 

Environmental 
parameters 

Suitability Surface and percentage of 
Goriška Brda 

intervals classes ha % 

To
p

o
gr

ap
h

ic
al

 
fa

ct
o

rs
 

Slope (%)  8-15 I 673.06 9.36 
 >15 II 5839.39 81.19 
 <8 III 679.83 9.45 

Aspect SW, S, SE I 3246.88 45.14 
E, W, 
horizontal 

II 1823.65 25.36 

NW, N, NE III 2121.75 29.50 

P
e

d
o

lo
gi

ca
l f

ac
to

rs
 

Clay content (%) 15-25 I 0 0 
25-40 II 7192.28 100.00 
<15 III 0 0 
>40 IV 0 0 

Humus content  
(%) 

1.5-2.0 I 3270.01 45.47 
2.1-3.0 II 1739.45 24.19 
3.1-4.5 III 2182.79 30.35 

Gravel content (%) 10-30 I 6952.06 96.66 
30-40 II 240.22 3.34 
<10 III 0 0 
>40 IV 0 0 

 

The clay content for the entire Brda region is characterised by class II, suitability for 

white quality wines, while other classes are not represented. The humus content is 

characterised by class I - suitability for red quality wines for about half of the surface, 

while class II (quality white wines) and class III (table white wines) are represented with 

similar shares of about 24.19% and 30.35% respectively. This humus content has thus a 

very balanced spatial distribution, which favors the cultivation of different wine varieties 

and the production of different wine types, even in the case of the same variety. In the 

context of climate change and temperature increases, a larger humus content may 

become suitable for grape quality, supporting canopy development and protection of 

the grapes chemical composition by shading (Palliotti et al., 2011). The large gravel 
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content of Brda soils characterises the entire area as class I, that means that it has a 

large potential to produce high quality wines, from both red and white varieties.  
 
Table 31: Climatic factors with their environmental parameters with their suitability intervals. 

Environmental 
category 

Environmental 
parameters 

Suitability Surface and percentage of 
Brda 

intervals classes ha % 

 
C

lim
at

ic
 f

ac
to

rs
 

AAT (°C) 10.0-11.2 I 6769.50 94.12 
9.4-10.0 II 262.74 3.65 
8.5-9.3 III 138.91 1.93 
<8.5 IV 21.14 0.29 

TWM (°C) 21.0-22.0 I 4792.50 66.63 
19.8-21.0 II 1993.02 27.71 
18.1-19.0 III 400.63 5.57 
<18.0 IV 6.12 0.09 

SET 1401-1675 I 2797.27 38.89 
1201-1400 II 3099.40 43.09 
1045-1200 III 1008.89 14.03 
<1045 IV 286.72 3.99 

IAOe >4600 I 0 0 
4301-4600 II 0 0 
3793-4300 III 3226.27 44.86 
<3793 IV 3966.01 55.14 

 IHa 2.21-2.66 I 0 0 
1.71-2.20 II 3151.58 43.82 
1.36-1.70 III 3517.85 48.91 
<1.36 IV 522.86 7.27 

LGS (days) >190 I 5766.17 80.17 
176-190 II 1201.77 16.71 
160-175 III 213.10 2.96 
<160 IV 11.23 0.16 

GR (kcal/cm2) 87.0-92.0 I 4093.98 56.92 
84.0-86.9 II 721.51 10.03 
80.0-83.9 III 814.67 11.33 
<80.0 IV 1562.13 21.72 

ASD (hours) 1551-1610 I 0 0 
1451-1550 II 6.93 0.10 
1280-1450 III 1664.54 23.14 
<1280 IV 5520.82 76.76 

PP (mm) 251-390 I 7192.28 100.00 
<250 II 0 0 
>390 III 0 0 

AAT, average annual temperature; TWM, average temperature of the warmest month; SET, sum of effective 
temperatures; IAOe, oenoclimatic aptitude index; IHa, actual heliothermal index; LGS, length of the growing season; 
GR, global radiation; ASD, actual sunshine duration; PP, precipitation in the growing season.  

 

The precipitation volume classifies the entire study site as class III, suitability for white 

table wines. However, this high level is suitable in the context of climate change, when 

temperature increases determine a more accentuated evapotranspiration, exposing 

vines to water deficit. So, as in the case of high humus content, the water abundance 
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can represent a control factor for microclimate suitability and a reserve for future 

climate evolutions. The AAT classifies 66.63% of the area as class I, values higher than 

21 °C, showing enough thermal resources for grape ripening. At the same time, in the 

context of climate change, this parameter can increase and become detrimental to 

grape quality, by hastening ripening and disturbing the grapes balanced chemical 

composition. The SET, that assesses effective temperatures during the growing season, 

characterises 38.89% of the surface as class I, 42.09% as class II, and 14% of the study 

area as class III. Regarding the GR, more than a half of the surface shows characteristics 

of class I, while other classes are each characterised by between 10-20% of the surface. 

The ASD seems to be the most deficient factor in the Brda area, with about 76% of the 

surface characterised by class IV, practically unsuitable for efficient grape growing. 

However, due to the large values of all the other heliothermal parameters, characteristic 

to regions influenced by Mediterranean climate, this deficit is compensated, and thus 

makes the area suitable for grape growing. The lower values of the ASD also significantly 

affect the bioclimatic indices suitability, that is largely variable in the Brda region, as 

follows: The IHa indicates that 48.91% of the surface is entitled to class III, 43.82% to 

class II, while only 7.27% to class IV and 0% to class I. Furthermore, the IAOe, classify 

55.14% of the Brda area as class IV and 44.86% as class III. The low suitability of 

bioclimatic indices is caused by the ASD deficit, meaning grape growing should be 

practiced on sunny surfaces in the Brda region. 

 

 Spatial distribution of suitability 

Suitability is defined by the average of the ranking points for the factor’s suitability in 

each environmental category - topographical, climate and pedological. Topographical 

suitability, given by the slope and aspect suitabilities, reveals that approx. 43.31% of the 

Brda surface is entitled to class I (see Table 32) – revealing environmental conditions for 

the production of red and white quality wines. Less than 30% of the area is characterised 

as class II and III – suitability for white quality wines and white table wines, while class 

IV is not observed.  
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Table 32: Structure of environmental suitability and structure of viticultural potential of Brda. 

Environmental 
category 

Average 
ranking points 

Surface (ha) Percentage of the total surface 
of Goriška Brda (%) 

To
p

o
gr

ap
h

ic
al

 

su
it

ab
ili

ty
 

Class I 10 300.77 4.18 
9 2814.20 39.13 

Class II 8 1403.37 19.51 
7 504.21 7.01 

Class III 6 1908.64 26.54 
5 261.09 3.63 

Class IV 0 0 0 
Total 7.77† 7192.28 100.00 

P
e

d
o

lo
gi

ca
l 

su
it

ab
ili

ty
 

Class I 10 0 0 
9 3271.05 45.48 

Class II 8 1740.53 24.20 
7 2180.70 30.32 

Class III 6 0 0 
5 0 0 

Class IV 0 0 0 
Total 8.15 7192.28 100.0 

C
lim

at
e 

su
it

ab
ili

ty
 

Class I 10 0 0 
9 0 0 

Class II 8 224.70 3.12 
7 2613.16 36.33 

Class III 6 2296.40 31.93 
5 1509.14 20.98 

Class IV 0 548.89 7.63 
Total 5.76 7192.28 100.00 

V
it

ic
u

lt
u

ra
l p

o
te

n
ti

al
 Class I 10 0 0 

9 16.54 0.23 
Class II 8 1868.55 25.98 

7 3598.30 50.03 
Class III 6 1531.24 21.29 

5 177.65 2.47 
Class IV 0 0 0 

Total 7.00 7192.28 100.00 
† Total average of ranking points is defined by weighted average of the average ranking points for each 

environmental suitability and for the viticultural potential section. 

 

Class I (green and dark green colour on the map in See Fig. 55a) brings together the most 

suitable slopes with an 8 – 15 % inclination, and the most suitable terrain aspects 

(southern, SE and SW), determining surfaces that benefit most by rich heliothermal 

resources. Less suitable classes II and III (light green, yellow, orange and red on Fig. 55a) 

correspond to areas with northern aspects and flat lands (<6%). Pedological suitability 

was found based on clay, organic matter and gravel content suitabilities. In this regard, 

45.48% of the surface is characterised by class I and 54.52% by class II. The most suitable 

soils, according to the spatial distribution in Fig. 55b, are situated in the LZ, being 

characterised by an average of 9 ranking points (dark green colour), which corresponds 

to class I. Areas ranked with 7 average ranking points (yellow) and 8 average ranking 

points (light green), corresponding to class II – suitability for white quality wines -, cover 
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the northern and NE part of the Brda site, while the eastern part is characterised by 7 

ranking points – suitability for white quality wines.  

 

  

  
 

Figure 55: Map of topographical (a), pedological (b), climate (c) and final (d) suitability. Ranking points 
definition: 4 stands for areas unsuitable for grape production, 5 stands for areas suitable for white table 
wines, sparkling wines and wines for distillates, 6 stands for areas suitable for white table wines, sparkling 
wines, wines for distillates and for white quality wines, 7 stands for areas suitable for white quality wines, 
8 stands for areas suitable for quality white wines and secondary for red table wines, 9 stands for areas 
suitable for red quality wines and secondary for white quality wines and 10 stands for areas suitable for 
quality red wines. 

 

Regarding climate suitability, 52.91 % of the Brda area is characterised by class III, while 

39.45% of the area by class III (See Fig. 55c). 7.63% of the Brda area has a climate 

unsuitable for grape growing, characterised by class IV. Climate suitability varies from 

unsuitable, 4 points (black on the map) to 8 average points (green), while 36.33% of the 

area is characterized by 7 ranking points (yellow). The very suitable area is situated in 

the LZ of Brda (See Fig. 55c). Areas, corresponding to class III, are located in the HZ of 

the studied area, especially with northern and NE aspects.  

The map of viticultural potential of the Brda area, resulting from the suitability of soil, 

relief and climate is shown in Fig. 55d. The data shows that the whole Brda wine region 

is suitable for grapevine growing. The largest part of the Brda area (76.01%) is 

characterised by class II and 23.76% by class III. Only 0.23% of the Brda surface (shown 

green) is characterised by class I (with 9 ranking points). Within the Brda area there are 

no surfaces characterised by an average of 10 ranking points. The areas corresponding 
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to the class I are represented by 16.73 ha, situated in the LZ. Class II – 8 ranking points, 

suitability for white quality wines and red table wines - (light green on map) 

characterises 1861 ha of the Brda area, mostly in the LZ. Areas characterised by 7 ranking 

points, suitability for quality white wines (yellow on map), are scattered on 3584 ha 

across the entire Brda area, especially on northern aspects. The extreme northern area, 

with about 1701 ha (orange and red), is characterised by class III – suitability for white 

table wines, sparkling wines and quality white wines in the very suitable years.  

The highest suitability is revealed under the topographical category, where 4.18% of the 

entire study area, dispersed on southern terrain aspects, is characterised by an average 

of 10 ranking points. The topographical suitability characterizes 43.31% of Brda as a wine 

growing zone suitable for grape production for high quality red and white wine, located 

mostly in the HZ, with a southern aspect. Zones with inferior topographical suitability 

are located in areas with a northern aspect. There are no zones unsuitable for vine 

growing. In a similar study in Romania (Irimia et al., 2014), southern aspects also show 

higher viticultural potential, compared to northern aspects. Second highest suitability is 

in the pedological category, suggesting areas suitable for red and white quality wines 

and red table wine production (class I and class II). The surface of the zone suggesting 

quality red and white wine production (class I) is located mostly in the LZ and it covers 

nearly the half of the entire study site. Areas suggested for production of white quality 

and table wines including red table wines (Class II), cover 54.52% of Brda and are located 

mostly in the HZ.  

Climate suitability analysis suggests the largest amplitude of ranking points: from 1 to 9. 

The zones with the highest suitability, suitable for red and white quality wine production 

are characterized by class II (39.45% of the surface of the study site) and are located 

mostly in the LZ. The lowest climate suitability corresponds to areas in the HZ in the 

extreme northern part. The zones suitable for quality red and white wine production are 

situated in the LZ, suggested by all three spatial analyses, roughly estimated. The 

topographical suitability analysis also suggests areas with a southern aspect in the HZ 

are areas with high viticultural potential (class I), whereas pedological and climate 

suitability analyses clearly do not recommend these areas for grape growing for quality 

wine production. According to the final suitability analysis, zones suitable for quality red 

and white wine production correspond to the areas with a mostly southern aspect, 

located in the LZ. Zones suitable only for white quality wine production are found in the 

LZ, in areas with northern aspect, and in the HZ, in areas with a southern aspect. 

Production of white and red table wine correspond to areas with a northern aspect in 

the HZ. The grape varieties most represented in Brda are white varieties Rebula, Ribolla 

Gialla and Chardonnay, making up 65% of all the grape varieties for production year 

2011 (Zamar, 2013), which confirms the results of this study. 

In the study by Rusjan and Korošec-Koruza (2003), a delineation analysis was conducted, 

assessing Brda using Winkler, Branas, Huglin, Kerner and Seljaninov indices, which 

characterized four different viticultural zones and suggested Brda as a terroir. The 

homogeneous zones were defined by average sugar index of grapes. Using a higher 

number of environmental factors, and a different methodology using GIS tools, allowed 

us to conduct more detailed spatial analysis. The results discussed in this paper present 
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a higher number of zones with more detailed classification of viticultural potential of 

newly defined homogeneous zones.  

 

3.6 Analysis 6: Assessment of WR in Valencia DO (1985-2100) 

In this section are presented the results of elaborating the model of WR for Tempranillo, 

Bobal and Moscatel varieties in the vinegrowing region Valencia DO. In the first part, the 

results of modelling ETo by using FAO BC formula and temporal analysis of DI are 

discussed. In the second part, are discussed the results of WR modelling for the 

Tempranillo, Bobal and Moscatel grape varieties, for the period 1985-2100. 

 

 Reference evapotranspiration model 

Using the observation dataset from Llíria weather station (see Table 5 and Fig. 16), was 

calculated the ETo model for the period 2000-2016 using BC method (EToBC). The EToBC, 

derived from PM method (EToPM), the assumed standard method, was used to assess 

the results obtained for EToBC. The comparison analysis between BC and PM 

methodologies was conducted for the analysis period 2000-2016. EToBC fluctuation 

shows, on average, 173 mm higher values, compared to EToPM, however, an increasing 

and decreasing tendency for both ETo, occurs simultaneously. The goal was the 

reduction of the difference between EToBC and EToPM. The corrections were achieved by 

correction bias method using the correction factor δ (Hay, Wilby, & Leavesley, 2000). 

Newly corrected EToBC_C indicates an average difference with EToPM of less than 1 mm. 

The values a and b (see 2.12.1.1), were not changed, because they derivate from climate 

parameters. The modelized EToBC, derived from Euro-Cordex datasets under RCP4.5 and 

RCP8.5 scenarios, were corrected using the correction factor δ. The tendency of the 

corrected EToBC_C under both climate scenarios reveals similar progress during the 

period 2000-2016, compared to reference EToPM: rising and dropping occurs 

simultaneously (see Fig. 56).  
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Figure 56: Comparison of modelized and observed ETo during the observation period 2000-2016. ETo_BC 
stands for EToBC (ETo derived from BC formula), ETo_RCP4.5 stands for EToBC model using BC formula 
under RCP4.5 scenario, ETo_RCP8.5 stands for EToBC model using BC formula under RCP8.5 scenario, 
ETo_PM stands for EToPM (ETo derived from PM formula) using observation data from IVIA and 
ETo_BC_corrected stands for EToBC_C , corrected EToBC. 

 

The mean square error (MSE) and mean absolute percentage error (MAPE) demonstrate 

stronger correlation between corrected EToBC_C and reference EToPM, compared to 

correlation EToBC and EToPM. The MSE between EToBC_C and EToPM indicates value 0.02, 

which shows a significantly higher correlation, compared to MSE between EToBC and 

EToPM (0.24). Furthermore, the MAPE between EToBC_C and EToPM indicates 3.76%, which 

confirms a stronger correlation, compared to MAPE between EToBC and EToPM (15.88%).  

In order to qualitatively validate the EToBC_C, it was statistically tested with two other 

ETo methods, which are used in the case of missing data and do not require the full 

dataset as PM. The comparison period was defined from 2000 to 2016. The compared 

methods were: ETP Penman (Penman, 1948) and ETH Hargreaves (Hargreaves, 1982) (see 

Fig. 57).  
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Figure 57: Comparison of several ETo using different methods. ETo_Penman stands for EToP (derived from 
Penman method) using observation data, ETo_PM stands EToPM (derived from Penman-Montheith 
formula) using observation data, ETo_BC_corrected stands for EToBC_C corrected EToBC with correction 
factor 𝛿 , ETo_Hargreaves stands for EToH (derived from Hargreaves formula) using observation data and 
ETo_BC stands for EToBC (derived from BC formula) using observation data retrieved from IVIA (IVIA, 
2017). 

 

All compared methods show a positive trend and similar progress during the comparison 

period. EToP indicates the highest amplitude and the highest values, since it has 

tendency of overestimation of ETo values, as discussed by FAO-56 (Allen et al., 1986). 

The lowest values amongst them all, indicates EToPM. Moreover, EToBC_C determines the 

strongest correlation with the EToPM, defined by root mean square error (RMSE) of 0.13 

and annual average relative error (AARE) of 3.76%. According to the RMSE and AARE, 

the weakest correlation, compared to EToPM, shows EToP, followed by EToH and EToBC 

(see Table 33).  

 
Table 33: Statistical comparison between EToPM and four other ETo derived from different methods: EToBC 
(Blaney-Criddle), EToH (Hargreaves), EToP (Penman) and EToBC_C (corrected Blaney-Criddle). 

ETo method Statistical error 

 Annual average relative 
error 

Root mean square error 

BC 15.88 0.49 
BC corrected 3.76 0.13 
Hargreaves 14.82 0.46 
Penman 25.02 0.77 

 

The BC formula was used for the future model calculation of ETo models, under RCP4.5 

(EToRCP4.5) and RCP8.5 (EToRCP8.5), due to its robust nature and available dataset (see 

2.12.2). EToRCP4.5 and EToRCP8.5 scenarios depict a constant positive trend during the 

analysis period 1985-2100. They also suggest strong correlation until 2057, roughly 

estimated, when the models start to diverge: EToRCP8.5 indicates a higher rise than 
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EToRCP8.5. The growth of the ETo model, according to the trendline, increases by up to 

110 mm under RCP4.5 and 234 mm under RCP8.5 scenario, during the study period 

1985-2100 (see Fig. 58). 

 

 

 
Figure 58: ETo models progress, where ETo_model_RCP4.5 and ETo_model_RCP8.5 stands for EToRCP4.5 
and EToRCP8.5, respectively. Both models were derived from BC formula using Euro-Cordex dataset. 
ETo_BC_corrected stands for EToBC_C (corrected EToBC calculated by BC formula) using observation 
dataset.  

 

There is a notable difference between EToBC_C and modelized ETo (EToRCP4.5 and 

EToRCP8.5), which is caused mainly by the uncertainty of the climate models and its spatial 

resolution (see 1.4.2). The correlation between modelized ETo and EToBC_C reveals 

moderate strength, according to the RMSE (during period 2000-2016): 0.42 under 

RCP4.5 and 0.41 under RCP8.5. The modelized ETo demonstrates a significant increase 

under both climate scenarios. The ETo progress, according to the comparison period 

2071-2100 and reference period 1985-2004, demonstrates 7% (81 mm) and 16% (174 

mm) increase under RCP4.5 and RCP8.5, respectively. In a similar study of future 

evapotranspiration models in West Africa, the results suggested an increase in potential 

evapotranspiration until the period 2071-2100 of 7-12% under RCP4.5, and 15-20% 

under RCP8.5, considering reference period 1981-2010 (Obada et al., 2017). Comparison 

of the results from both studies, suggests similar outcomes, since the results of this 

thesis are within thresholds of the study of Obada et al. (2017). The differences in the 

results between the study in West Africa and this thesis were influenced by several 

factors: different reference period (1981-2010), distinct study site (Benin in West Africa) 

and a different evapotranspiration method (PM formula).  

The progress of DI was calculated as described in Methodology (see 1.2.4). The initial 

value of soil availability (200 mm) was adopted, as defined in the study of Tonietto and 

Carbonneau (2004). The DI progress reveals a downward trend under both climate 

scenarios (RCP4.5 and RCP8.5), during the study period 1985-2100. The DI fluctuation 
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shows large amplitude under both climate scenarios. The DI progress under RCP4.5 

indicates notable higher amplitude, compared to RCP4.5, during the entire study period. 

As expected, by comparing both tendency lines, a more negative trend was noticed 

under RCP8.5 climate scenario. By comparing two 30-year periods, 1985-2004 and 2071-

2100, DI shows a decrease of 32 mm (RCP4.5) and 78 mm (RCP8.5)(see Fig. 59).  

 

 
Figure 59: DI at Llíria weather station for period 1985-2100. DI_RCP4.5 stands for DI model under RCP4.5 
scenario and DI_RCP8.5 stands for DI model under RCP8.5 scenario. The line at DI value -100 represents 
the borderline between Very dry and Moderately dry class.  

 

The DI values during the study period (1985-2100) were expected to diminish, according 

to (a) positive trend of temperature and ETo (EToRCP4.5 and EToRCP8.5) models, and (b) 

decreasing trend of precipitation model in weather station Llíria, for the same period. 

The DI values show, that Valencia DO falls into the “Moderately dry” DI class at the 

present time. However, it will gradually slide to “Very dry” class in the second half of 

22nd century under RCP8.5 scenario, when grapes will experience frequent water stress. 

The present example of this class is viticulture region Jerez de la Frontera in southern 

Spain. According to the RCP4.5 scenario, Valencia DO will remain in the “Moderate” 

class, where grapes experience a certain level of dryness and the stomatal regulation 

favors the maturation period. Representation of the same Di class are vinegrowing 

regions Montpellier (France) and Madeira (Portugal). 

In the study by Fraga (2013) is discussed the future tendency of DI in Europe until the 

year 2070. The results for regions, that share the same location with Valencia DO, 

suggest an average decrease of 60 mm, according to the difference between 1961-2000 

and 2041-2070. The A1B (SRES) climate scenario was used, which can be compared to a 

scenario between RCP4.5 and RCP8.5 (Rogelj et al., 2012). The results, calculated in this 

thesis, suggest a DI decrease of 78 mm (under RCP8.5). Both results are comparable 

even though, in the study of Fraga (2013) was used a distinct methodology and another 

RCM with higher spatial resolution: grid of approx. 27km x 27km (grid used in this thesis 

was approx. 12.5 km x 12.5 km). Another study of Malheiro et al. (2010), showed a 

decrease of DI in areas in the Mediterranean basin with a similar climate as Valencia DO. 
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The study discussed the DI decrease using the baseline period of 1960-2000 comparing 

to the period 2071-2100. In Valencia DO there showed a decrease of 50-100 mm under 

B1 climate scenario, and more than 100 mm under A1B scenario. According to the 

median temperature anomaly over pre-industrial levels and SRES comparison based on 

temperature anomaly, B1 can be compared to RCP4.5 (Rogelj et al., 2012). In the 

semiarid areas in eastern Italy and eastern Greece, the study depicted a decrease in DI 

values by more than 100 mm under B1 and A1B climate scenarios. The results from this 

thesis indicate an inferior decrease in DI in Valencia DO: (under RCP4.5) 32 mm and 78 

mm (under RCP8.5). Differences in results can be caused due to using distinct climate 

scenarios (SRES) and different spatial resolution of climate models, grid size of about 

18km versus approx. 12.5km in this thesis. The differences of spatial resolution of 

climate models in this thesis provide more accurate results of DI and therefore a more 

detailed DI future model. 

 

 WR scenarios for Tempranillo, Bobal and Moscatel: maximum quality 

In this section are presented the WR models for maximum quality and maximum yield 

quantity production under RCP4.5 and RCP8.5 scenarios for Tempranillo, Bobal and 

Moscatel grape varieties for the period 1985-2100. The WR models were analysed 

according to two Kcs: Kc for maximum quality and Kc for maximum production of grapes. 

WR values were calculated for the three grape varieties using the ETo models (EToRCP4.5 

and EToRCP8.5) calculated in section 3.6.1. The WR values under both climate scenarios 

demonstrate the highest amplitude in September. The most probable reason is 

precipitation variation in September, due to the phenomenon called “Gota fria” (see 

3.4.4). In this analysis the grape growing period was assumed constant from April to the 

end of September. The tendencies of WR of the three studied grape varieties, show a 

steady increase during the entire analysis period, with exceptions in April and 

September (Bobal variety), under RCP4.5 scenario, when irrigation is not required. July, 

August and September indicate highest WR by all three grape varieties under both 

climate scenarios. Only a few exceptions were noticed in September for Moscatel. The 

highest Increase of WR, from 1985-2004 to 2071-2100, is shown in September for 

Tempranillo (9 mm) under RCP8.5 scenario, in the period of veraison-harvest (Ramos et 

al., 2015). WR progress of Tempranillo demonstrates a positive tendency during growing 

season, with the exceptions in April (see Fig. 60).  
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Figure 60: Progress of WR for grape variety Tempranillo, maximum quality, for growing season months 
under RCP4.5 and RCP8.5 scenarios. Negative values of WR indicate the state, when irrigation is not 
required. 

 
The values which indicate when irrigation is required to avoid stress for Bobal are in July, 
August and September under both climate scenarios. During April, May and June, the 
model indicates values when irrigation is not required. The WR values in July show the 
lowest amplitude when compared to the amplitude of WR during the other five months 
(see Fig. 61).  
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Figure 61: Progress of WR for grape variety Bobal, maximum quality, for growing season months under 
RCP4.5 and RCP8.5 scenarios. Negative values of WR indicate the state, when irrigation is not required.  

 

Required irrigation to avoid stress for Moscatel, indicate July, August and September 

under both climate scenarios, with few exceptions in September due to its high 

amplitude. According to the models, irrigation is not required in April, May and June. 

During the whole analysis period, the WR increase demonstrates positive growth (see 

Fig. 62).  
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Figure 62: Progress of WR for grape variety Moscatel, maximum quality, for growing season months under 
RCP4.5 and RCP8.5 scenarios. Negative values of WR indicate the state, when irrigation is not required.  

 

 WR scenarios for Tempranillo, Bobal and Moscatel: maximum 

production 

In this section were analysed the WR scenarios according to grape maximum production 

during 1985-2100. Irrigation is required for all studied varieties during the study period 

for the growing season, except in April (all three varieties) and May (Moscatel), where, 

in some years, ETo indicate lower values than precipitation. This fact occurs frequently 

under RCP4.5 scenario. Tempranillo and Bobal show the same progress of WR values 

due to equal values of Kc for maximum production. The WR values in July and August 

indicate notably higher values, compared to other four months. The lowest WR values 

indicate April under both scenarios. The highest increase in WR values by the year 2100 

is demonstrated in August for Tempranillo and Bobal variety, under RCP8.5 scenario (see 

Fig. 63 and 64). 
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Figure 63: Progress of WR for grape variety Tempranillo, maximum production, for growing season 

months under RCP4.5 and RCP8.5 scenarios.  

 

 
Figure 64: Progress of WR for grape variety Bobal, maximum production, for growing season months 
under RCP4.5 and RCP8.5 scenarios. 
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WR values for Moscatel demonstrate lower values when compared to Tempranillo and 

Bobal, under both climate scenarios (see Fig. 65).  

 

 
Figure 65: Progress of WR for grape variety Moscatel, maximum production, for growing season months 
under RCP4.5 and RCP8.5 scenarios. 

 

August and September correspond to the highest water consumption increase by the 

year 2100, for all three studied grape varieties under both climate scenarios. Therefore, 

to achieve maximum grape production, the cultivar will require more irrigation in the 

future. 

 

 WR comparison analysis of Tempranillo, Bobal and Moscatel destinated for 

maximum quality and maximum grape production 

The WR tendencies for each studied grape variety show a positive trend during the 
study period 1985-2100. Nevertheless, the WR trend depicts higher values under 
RCP8.5, compared to RCP4.5 scenario. The highest WR values demonstrate models 
destinated for maximum production: Tempranillo and Bobal indicate maximum WR 
values. Divergence of WR is higher for grape varieties calculated for maximum quality 
of grapes, compared to the maximum production group (see Fig. 66). 
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. 

 

 
Figure 66: Future model under RCP4.5 (upper graph) and RCP8.5 scenarios (lower graph) for Tempranillo, 
Bobal and Moscatel. The WR values present the sum for each year during growing season within the study 
period 1985-2100. “_P” stands for maximum productions and “_Q” stands for maximum quality of grapes. 
Tempranillo and Bobal share the same Kc for that reason, series are overlapped. 

 

The maximum increase of WR in volume (51 mm) between the two periods, 1985-2004 

and 2071-2100, indicate Tempranillo and Bobal variety dedicated for maximum 

production, under RCP8.5 scenario. Nevertheless, the maximum increase in WR, 

according to the percentage, shows Moscatel under RCP8.5 scenario and maximum 

quality (49% higher). The lowest increase in volume demonstrates Moscatel for 

maximum quality under RCP4.5 (5 mm). The increase in WR is significantly higher under 

RCP8.5, as expected due to the nature of the climate scenario, with a higher 

temperature increase by the year 2100 (IPCC, 2018) (see Table 34). 
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Table 34: Increase of WR for Tempranillo, Bobal and Moscatel grape varieties for the period 1985-2100. 
The difference was calculated between two time periods: 1985-2004 and 2071-2100.  

 
 
Climate 
scenario 

 
 
Grape 
variety 

1985-2004 2071-2100 Increase 

Max. 
Production 

(mm) 

Max. 
Quality 
(mm) 

Max. 
Production 

(mm) 

Max. 
Quality 
(mm) 

Max. 
Production 

(mm) 

Max. 
Quality 
(mm) 

RCP4.5 Tempranillo 275 105 295 115 20 (7%) 9 (27%) 
Bobal 275 58 295 65 20 (7%) 6 (11%) 
Moscatel 122 37 132 42 10 (8%) 5 (13%) 

RCP8.5 Tempranillo 273 103 324 131 51 (19%) 27 
(26%) 

Bobal 273 57 324 77 51 (19%) 20 
(36%) 

Moscatel 120 35 150 53 29 (24%) 17 
(49%) 

 

The WR scenario for maximum grape production of Tempranillo, Bobal and Moscatel 

indicate equal or higher WR increase, compared to maximum grape quality under 

RCP4.5 and RCP8.5 scenarios, according to the comparison of average WR values 

between baseline (1985-2004) and 2071-2100. The only exception is in July under 

RCP8.5, where Moscatel shows a 1 mm higher WR. A higher or equal increase in WR is 

depicted by the model under RCP8.5 scenario, compared to RCP4.5 scenario, with the 

exception of the model dedicated for maximum production in September (Tempranillo 

and Bobal) and June (also Tempranillo and Moscatel). The increase in WR for 

Tempranillo and Bobal, indicates the same values for maximum production, due to equal 

values of Kc. The lowest increase indicates Moscatel variety (see Fig. 67). 
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Figure 67: Increase in WR during the study period 1985-2100 for Tempranillo, Bobal and Moscatel grape 
varieties under RCP4.5 and RCP8.5 scenarios. Upper map shows maximum production and the lower map 
shows maximum quality. The increase was calculated from the difference in average WR values between 
2071-2100 and baseline (1985-2004). In the upper map, the WR increase for Tempranillo overlaps with 
Bobal, due to the same values of Kc. Sept stands for September. 

 

The findings from this study reveal, that WR progress will climb for all three studied 

grape varieties, especially for Moscatel variety designated for maximum grape quality, 

during the period 1985-2100. Increasing WR was expected, due to increasing 

temperatures and ETo under RCP4.5 and RCP8.5 and decreasing rainfall under RCP8.5 

during the study period. Temperatures, evapotranspiration and precipitation present 

significant influence for future irrigation in viticulture (Baeza Trujillo et al., 2007). A more 

intense rise in WR is expected under RCP8.5 scenario due to its nature, which was 

confirmed by the results. Each studied grape variety is under influence of the same 

rainfall and temperature, however, a unique parameter for each grape variety is Kc by 

defining the ETc, which creates unique WR values for each grape variety (Allen et al., 
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2006). The WR progress for Tempranillo and Bobal depicts equal growth under 

maximum production condition, due to equal Kc values of both grape varieties. The only 

difference of Kc value is in November (Kc of Tempranillo is 0 and for Bobal is 0.15), which 

is not included in this study. The increase of WR values for Moscatel indicates 

significantly lower values, compared to Tempranillo variety for maximum quality and 

production condition. The reason is that Kc values for Moscatel, are exactly twice as low 

as Kc values for Tempranillo.  

Hydrological plan of modelling WR was conducted by Hydrographic confederation of 

Jucar Hydrographic confederation (Confederación Hidrográfica del Júcar, 2019), in the 

same region. The Hydrological plan discussed models for annual WR for woody cultivars 

(olive trees, citric trees, table vine, vine for vinification, etc.) for the following years: 

2009, 2012, 2015, 2021, 2027 and 2033. The study showed the annual WR for vine grape 

of 332 mm in 2009 and 336 mm in 2012. For comparison reasons, the annual WR values 

were calculated for Tempranillo, Bobal and Moscatel, dedicated for maximum 

production and maximum quality, under RCP4.5 and RCP8.5 scenarios. The WR values 

from the CHJ are higher in all discussed years, compared to the WR values calculated in 

this thesis. The most similar WR value was encountered in 2012, for Tempranillo, 

designated for maximum production under RCP4.5 scenario: difference was 38 mm. The 

WR values of Moscatel differed the most, since WR values in the designated years 

showed a decrease. The highest difference was noticed in 2021, where WR value of 

Moscatel (maximum production under RCP8.5 scenario) was 137 mm, in comparison to 

336 mm, suggested by the study of CHJ (2019). Overall, the WR values of Tempranillo 

and Bobal designated for maximum production were found to be closest to WR values 

defined by the study of CHJ (see Fig. 68).  
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Figure 68: Comparison between annual WR from CHJ dataset and results from this thesis for six different 
years. CHJ stands for WR from the Hydrological plan of Hydrographic confederation of Jucar, “temp” 
stands for Tempranillo, “mosca” stands for Moscatel, “bob” stands for Bobal, “P” stands for maximum 
grape production, “Q” stands for maximum grape quality, 45 stands for under RCP4.5 scenario and 85 
stands for under RCP8.5 scenario. Example: “temp_P_45” stands for WR for Tempranillo, maximum 
production under RCP4.5 scenario. 
 

The reasons for different WR values are due to different methodologies, usage of 

different values of Kc and uncertainties of the climate models. Furthermore, the results 

by CHJ are used for general purpose only, defined for general woody cultivars, and not 

for specific grape varieties as in this thesis. According to guidelines of CAMCD (2019), 

the recommended irrigation volume for grapevine is 150 mm or 170 mm for flood 

irrigation per year. According to Fig. 68, all Moscatel values show lower WR values than 

150 mm. Most of the WR values of Tempranillo and Bobal, dedicated for maximum 

quality grape production, also indicate lower values than 150 mm. Nevertheless, 

Tempranillo and Bobal, dedicated for maximum production, depict mostly higher WR 

values than 150 mm.  

Irrigation in agriculture is specifically important in eastern Spain, which will experience 

higher evapotranspiration demands and periods of more extensive drought in the future 

(IPCC, 2014b; Reig, 2015). The WR in Valencia DO will increase, which will affect the wine 

industry in this region. Not just an economic-social impact, but also the quality and 

quantity of the yield. Higher temperatures in the future, a higher number of extreme 

rainfall events, create increasing ETo and increasing IR, which will severely affect the 

wine industry in this region. The WR future progress for grape production under 

maximum production conditions will increase almost twice as much as for the grape 

productions designated for maximum quality. Therefore, wine-growers in Valencia DO 

region should reconsider changing the grape production from maximum productivity to 

high quality. According to the results of this study, the future economic value of 

viticulture in Valencia DO should be reconsidered, due to a significantly high increase in 
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WR until the year 2100, especially in the production of quality grapes. Due to the 

similarity of methods for DI and WR, both results are comparable and beneficial for 

future irrigation assessment in Valencia DO. 

 

3.7 Concluding paragraph 

According to the presented results, climate change impact is inevitable on viticulture at 
both study sites. Furthermore, it is affecting viticulture, the grapes and wine production 
as we speak. The spatial delimitation of the wine growing site Goriška Brda defines areas 
in the region with the best possible environmental conditions to grow grape for the 
production of white table wines as well as defining premium places for high quality wine 
production. The viticulture industry in Valencia DO is facing the effect of a lack of 
precipitation. Using the WR future models and associated data of future conditions, 
wine growers can prepare and adapt vineyards for the future. 
The results show the necessity for adaptation in the distribution of vineyards. With the 
results of this study, both viticultural regions will be able to utilise valuable data to 
prepare local viticulture for the menacing future impact of climate change. Moreover, 
viticulture can profit from the results, to enhance wine quality and become even more 
competitive in the national and international wine market. The adaptation in viticulture 
results in the conservation of grape varieties in the future. Moreover, it can lead to 
enhancing the local wine quality, which was achieved in the past. The next chapter 
describes the main conclusions discussed in the Results and Discussion chapter. It also 
discusses possible adaptation and mitigation strategies for the future of viticulture in 
both study sites.  
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4 SYNTHESIS AND FINAL CONCLUSIONS 
 

In the previous chapter were presented the findings and discussion of spatial-temporal 

analysis of climate change impact in Goriška Brda and Valencia DO viticultural regions. 

The results define the climate change impact on two viticultural sites from 1965 to 2100, 

applying future modelized climate models under RCP4.5 and RCP8.5 scenarios. This 

chapter discusses results from the six analyses and the main conclusions of the thesis. 

This chapter is divided into four sub-sections. The first part discusses the main 

summaries of the findings according to the thesis’s aims, presented in the Introduction. 

The following parts include limitations, encountered during the research. Focus was on 

recommendations, guidance and directions for the adaptation of viticulture to address 

the future impact of climate change. Further works are presented in the last part, 

including ideas concerning future research, based on the results in this thesis.  

Climate has always been an influential factor in viticulture. Vine, as a perennial cultivar 

with a lifespan of over 100 years (White, 2003), is sensitive to changes in the climate, 

especially to temperature. There are several facts, which demonstrate the recent 

climate change impact on viticulture: phenological stages appear earlier, harvest dates 

are shifting to earlier dates, wine characteristics are changing, etc. These facts show how 

important adaptation and future climate modelling are in viticulture. Winemakers have 

already shown an interest regarding changing climate conditions in their vineyards and, 

consequently, in future adaptation strategies to address climate change with the 

purpose of producing quality wine. Climate change is a reality and viticulture will have 

to adapt (Jones, 2006; Hidore et al., 2010; Quénol et al., 2017). The Goriška Brda region 

is the most prestigious viticultural site with the highest quality wines in Slovenia and has 

become an international viticultural player during the last few years. Valencia DO has 

started to enhance quantity and quality of wine production and to challenge important 

Spanish viticultural players (e.g. Rioja) in terms of wine quality. Nevertheless, both 

viticultural regions need to improve their viticulture policies in terms of future climate 

change at a local scale. They find themselves in severe need of more detailed data about 

future climate change in order to achieve successful adaptation in the future. 

Adaptation in viticulture can be more successful by using future climate data (Ollat & 

Touzard, 2014). 

To our knowledge, there have been no studies conducted addressing the impact of 

climate change on this scale in the wine making region Goriška Brda, nor in Valencia DO, 

at the date of finishing this research. This thesis provides the necessary data for 

winemakers and decision makers, in viticultural regions Goriška Brda and Valencia DO, 

to achieve successful adaptation now, and in the future, in response to the impact of 

climate change. Moreover, viticulture can profit from the results, to enhance wine 

quality and become even more competitive in national and international wine markets. 

At both study sites, viticulture is not the only agronomy sector which is, and will be, 

endangered due to climate change. In Goriška Brda there are cherry and peach 

plantations and, in Valencia DO, citrus plantations. Using the results of this research, 

fruit and other agricultural industries can benefit from this thesis and improve future 
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adaptation strategies. This research is an important contribution to better 

understanding the progress of future temperature and precipitation changes on a local 

scale. Indeed, it concerns not only adaptation in viticulture and agronomy, but also the 

adaptation of humans to the climate challenges in the years to come. The planning and 

procedure of adapting vine requires accurate future climate data, due to its significance 

in viticulture (Lereboullet et al., 2013), especially data on a local scale, so winemakers 

can respond properly to changes in climate now and in the future.  

This research provided a spatial-temporal analysis of climate change impact in two wine 

growing regions in the Mediterranean basin by using new and already researched and 

proven methodologies. Two time periods were chosen, to critically conduct historical 

and future analysis: first period (1965-2016) and second period (1985-2100). During the 

period 1985-2016 were conducted comparative analysis of temperature, precipitation 

and bioclimatic indices. The historical climate tendency (1965-2016) demonstrates 

higher trends of temperature and bioclimatic indices Huglin and Winkler for the Valencia 

DO site and the Goriška Brda site (see 3.1). The future temperature trend for the period 

2041-2060 at the Goriška Brda site, showed high spatial variability among weather 

stations (see 3.2). According to recent studies (Quénol & Bonnardot, 2014) and the 

results from this thesis, it is demonstrated that analysis on a local scale is more suitable 

than a regional scale in viticulture. The types of challenges to be faced in the future are 

shown for the Valencia DO region after 2050, when climate conditions will reach the 

point at which there will be no heliothermal constraint for the grapes to ripen according 

to the bioclimatic index Huglin (see 3.3).  

The climatic tendencies showed different future trends in both viticultural regions, even 

though the temperature increase will be similar at both study sites. The Valencia DO 

region will experience higher temperatures, and up to three times less precipitation, 

compared to the Goriška Brda site, by the year 2100 (see 3.4). Hence, the climate change 

impact on viticulture will be far more severe in south-eastern Spain, in contrast to 

western Slovenia. The assessment of viticultural potential in Goriška Brda suggested a 

spatial distribution of areas meant for production of low up to high quality wines, 

according to historical climate and soil analysis (see 3.5). The recommendations based 

on results, show present and future viticultural potential perspectives. The results of the 

future irrigation necessity in Valencia DO region, demonstrate the increasing trend of 

irrigation, especially for grape varieties Tempranillo and Bobal, designated for maximum 

production (see 3.6). All objectives of this thesis were fully met through the presented 

six analyses. 

The historical temperature, and consequentially bioindices Huglin and Winkler trends, 

showed a highly growing tendency for both viticultural sites, Goriška Brda and Valencia 

DO, during the study period 1965-2013. According to the results, the Valencia DO study 

site was affected more by climate change, compared to the Slovene study site. High 

spatial variability of temperature was detected at both study sites: a lower increase was 

noticed in the regions under direct influence of the Mediterranean Sea. The most 

probable reason for this phenomenon is the influence of sea masses like the 

Mediterranean Sea. The sea influence decreases with growing distance from the 

seacoast, which was proven by the temperature analysis at Albacete weather station. 
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The weather station Bilje, located close to the coastline of the Mediterranean Sea, 

indicated temperature increase significantly higher than at the weather station Vojsko, 

located inland. The most probable reason for this difference is the direct sea influence 

on the weather station Vojsko, which is greater, when compared to station Bilje, due to 

topographical conditions. There are several reasons for the different progress of 

temperature at both study sites. Topographical features of the weather stations closer 

to the sea, i.e. Valencia airport and Bilje, are similar. They are both located between 10 

and 15 kilometres away from the coastline, and their altitude above sea level is between 

30 and 70 meters. The city Valencia, located between Valencia airport weather station 

and the Mediterranean Sea, influences temperatures at the station due to the heat 

island effect, in comparison to weather station Bilje, where there are no cities nearby. 

Nevertheless, the weather stations Albacete and Vojsko have more differences in 

topographical characteristics.  

The same reasons are implied in the progress of the HI and WI, since they derivate from 

temperature measurements. Regions closer to the coastline are affected by a minor 

increase of the Tmean, in comparison with weather stations further away from the 

coastline. Topographic characteristics, and the urban city, affect the temperature 

evolution trend. Frequency of Tmin demonstrated a warming trend at both study sites, 

between 2000 and 2016. Higher frequencies of colder Tmin were detected at the 

Goriška Brda site, in comparison with Valencia DO. The progress of DI showed high 

amplitude and negative average DI values in all weather stations at the Valencia DO site 

during 2000-2016, compared to Goriška Brda, where DI values reached maximum values 

during the analysis period in a majority of weather stations. The reason is almost three 

times higher precipitation in Goriška Brda, than in Valencia DO.  

Spatial-temporal historical and future temperature analysis on a local scale at the 

Goriška Brda site, indicated high spatial variability of temperature increase. Using the 

observed temperature data from three weather stations, and future modelized data 

(WorldClim, 2016), a temperature model of the temperature progress was created for 

the periods 1950-2000 and 2041-2060. According to the results, the average air 

temperature in the study site will increase in the future. The Tmean in the period 2041-

2060 will augment by 1.7°C under RCP4.5 scenario. Nevertheless, the increase of 

temperature under RCP8.5 scenario, will be more significant, indeed 2.0°C. According to 

the spatial variability of different climatic scenarios for each weather station, the 

influence of the Mediterranean Sea was noticed on weather stations closer to the 

seacoast. Especially at weather station Bilje, where a more moderate temperature rise 

was noticed, in comparison with the other two weather stations. In addition, the 

closeness of the sea is not the only parameter which has an influence on temperature, 

and consequently, on local climate conditions. The topographical conditions have an 

important effect on the sea influence inland. In particular, in between the weather 

station Bilje and the Mediterranean Sea, there is a geographical barrier, which prevents 

the direct sea influence, however, the effect of the sea reaches Bilje through the river 

Vipava and Soča.  

Future climate models showed warming trends and increases in indices HI and WI in the 

Goriška Brda and Valencia DO sites under RCP4.5 and RCP8.5 scenarios by the year 2100. 
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The future models of bioclimatic indices demonstrated temperate progress of suggested 

grape varieties by the year 2100, presenting an important tool for winemakers for their 

future adaptation strategies. Nevertheless, the climate change impact will be more 

severe in the Valencia DO site, also due to its present hot climate conditions. The 

predictions by the year 2100 reveal a shift of HI to the hottest level (Very hot class), “no 

heliothermal constraint for grapes to ripen”. WI has already reached the hottest region 

(Region 5) suggesting grape varieties with high level of heat resistance, such as Primitivo, 

Nero d’avola, Palomino and Fiano. By the year 2050, roughly estimated, will Valencia DO 

reach the level of 2800 Wi points (under RCP8.5), beyond which viticulture is not 

suggested anymore. In contrast with the Goriška Brda site, where HI and WI indices 

indicate more favourable climate conditions for viticulture, although the increase was 

higher than at Valencia DO site. According to future predictions, the HI will reach Warm 

(RCP4.5) and Hot class (RCP8.5) with suggested grape varieties Grenache, Mourvèdre 

and Carignan. WI increase by 2100 will reach Region 3 (RCP4.5) and Region 4 (RCP8.5), 

suggesting Grenache, Barbera, Tempranillo Syrah, Carignan, Cinsault, Mourvedre and 

Tempranillo by the year 2100. The shift by 2100 will be less intense at the Valencia DO 

site, however, the future climate conditions will create serious limitations for viticulture. 

In contrary, Goriška Brda will face higher shifts of regions/classes of bioclimatic indices 

and will still not be limited by climate conditions by the year 2100. Moreover, the future 

warming trends will consequently bring positive characteristics in viticulture to the 

Goriška Brda region. The frost events are already diminishing and winter temperatures 

are becoming warmer thus the region has a great potential to remain a wine-making 

region in the future, at least until the year 2100, according to both RCP scenarios.  

Eight selected weather stations in Goriška Brda and seven in the Valencia DO site 

demonstrated warming trends during the observation period (1985-2016) and even 

intensified growth by 2100 under RCP4.5 and RCP8.5 scenarios. The results 

demonstrated high spatial variability of temperature at both study sites. The regions 

closer to the Mediterranean Sea with direct sea influence, demonstrated lower 

temperature increase, compared to the regions located further away from the seacoast, 

with less sea influence. According to the results, the regions closer to the Mediterranean 

Sea for both viticultural zones, will be less affected by the climate change impact in the 

future, which should be taken into account in adaptation strategies, especially with the 

introduction of new grape varieties. The precipitation trend demonstrated almost no 

difference by 2100 at the Goriška Brda site in contrast to Valencia DO site, showing a 

negative trend, up to 83.5 mm under RCP8.5 scenario. The lack of precipitation will be 

even more considerable at the Valencia DO site, due to the lack of precipitation already 

experienced there.  

Viticultural potential showed a high level of spatial variety in wine growing region 

Goriška Brda. The delineation analysis in the Goriška Brda region (Fig. 55) indicated the 

region was mostly suitable for quality white wine, especially in the lower, south-western 

area. The Goriška Brda viticultural region is mostly known for its white varieties, 

especially Rebula (Ribolla Gialla), which confirms the results from the suitability map. 

The Higher Zone is suggested for the production of mostly lower quality wines, like white 

table wines, sparkling wines and wines for distillates. Areas with a southern aspect are 
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especially suitable for the production of high quality wines, due to increased sun hours 

and consequentially higher temperatures. Northern slopes are suitable for the 

production of lower quality white wines. In the Higher Zone were defined areas where 

production of wine is not recommended (according to the climate suitability analysis).  

One of the major factors affecting viticulture in the Valencia DO region is the lack of 

precipitation. Eastern Spain is facing considerable problems with absence of 

precipitation, consequentially there is a shortage of water not only for irrigation in 

agriculture, but even for human consumption (Reig, 2015). Irrigation in the Valencia DO 

region is widely used at present. What about the future? The results showed a significant 

increase of ETo, and consequently WR, in the viticultural sector by the year 2100. The 

most vulnerable, studied grape varieties are Bobal and Tempranillo, which will face an 

increase in WR of up to 82 mm (Bobal variety, maximum production) during growing 

season. Considering annual precipitation in Valencia (about 424 mm), the future WR will 

have an important impact on water consumption for irrigation. However, Moscatel 

variety, the most famous grape variety in Valencia DO, will face less WR increase in the 

future: about 50% less, compared to the Tempranillo variety.  

During the research, several limitations were encountered and acknowledged. The main 

limitations are described and discussed below: 

1. Due to technical errors on meteorological stations, there were acknowledged 

several days with no data recorded. Even though the missing data were filled 

according to the missing data methodology, the corrected values are statistical 

approximations.  

2. The research was limited to a certain number of weather stations, which were 

able to provide meteorological data. Using more weather stations, located closer 

to the wine growing regions, would provide more exact results.  

3. Bioclimatic indices HI and WI include limited grape varieties in their definitions 

of classes/regions.  

4. Observation (meteorological) data were limited due to available recording 

periods of weather stations. It was possible to retrieve limited datasets from 

1965 on. Some of the stations ceased to record a few years ago and some offered 

data only from the year 2000 (see Table 6 and 7). Having longer historical 

datasets at our disposal, would have provided longer analysis periods for climate 

trends and comparison over a longer time period.  

5. Models are prone to certain levels of uncertainty (see 1.1) and future climate 

models are no exception (Boé, 2007). Using future climate models creates 

uncertainties in prediction, which can be confirmed only with the climate data 

from the future, which we do not yet possess. Every moment, with the gathering 

of more and more historical climate data, and use of faster computers, climate 

models are being updated and improved (IPCC, 2014b) and remain an essential 

tool in climate change studies, despite produced uncertainties (Solomon et al., 

2011). Therefore, all future research should be able to provide more accurate 

future projections and, consequentially, more precise results.  

6. The spatial analysis was limited to spatial resolution of used climate models: 

Euro-Cordex dataset with approx. 12.5 km, and Worldclim dataset with approx. 
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1km. By using statistical downscaling methodology, the spatial resolution is 

becoming more precise to provide necessary future data on a local scale, 

however the procedure contributed to higher uncertainties (Quénol & 

Bonnardot, 2014).  

7. Viticultural characterisation and defining the viticultural potential in the Goriška 

Brda region was limited by the input dataset of used weather station Bilje, and 

especially by the limited geological data from measured points. A higher number 

of measured points would enhance the amount of input data and would give 

more accurate spatial results.  

8. Bioclimatic indices, and accordingly suggested grape varieties, have a certain 

level of uncertainty. According to the observation period, HI and WI showed 

quite strong correlation with the grape varieties, which grow in both study sites 

at the present time. Nevertheless, definition of classes/regions is prone to local 

climatic conditions, which can have high spatial variations. Hence, some 

improvements were made in bioclimatic indices, for example the introduction a 

new class for HI by Santos et al. (2013).  

According to the results and studies already made, the recommendations were 

deduced. The aim of this thesis was to define recommendations, based on thesis results 

in order to answer the present and future threat of climate change impact. Proper 

management and adaptation strategies are significant factors in responding to the 

future climate change impact in viticulture. Successful adaptation is not just about 

technique, but the knowing how and when to adapt to constantly changing climate 

conditions (Lereboullet et al., 2013). It is important to provide simulation adaptation 

scenarios for viticulture and elaborating guidance for wine makers (Quénol et al., 2014). 

During human history, adaptation techniques have already been widely used in areas 

like irrigation, planting selective varieties of cultivars, etc. The research by Neethling 

(2016) on a wine growing site in France, discusses various adaptation possibilities as the 

answer to climate change. Winemakers have expressed concern about climate change, 

nevertheless, they prefer short-term adaptation methods over long-term, e.g. changing 

location of vineyards or introducing different grape varieties. Recommendations are 

divided into two sections, for each study site, due to different future predictions and 

different conducted analyses. 

Recommended grape varieties depend also on other parameters, like soil structure, 

extreme frost events and other microclimatic conditions, which are not included in our 

analyses. The recommended varieties in this thesis define most suitable varieties 

according to the temperature progress during the growing season. Nevertheless, grape 

varieties, which are not mentioned in the HI and WI definitions, can also have an ability 

to grow in the same conditions, but should have similar resistance to climatic conditions. 

According to the progress of rising temperature and bioclimatic indices at the Goriška 

Brda site (see 3.4) for the present and future period (up to 2050), it is recommended to 

use long-term adaptation techniques by introducing new grape varieties, which are 

more suitable for warmer climate conditions, as expected in elaborated future models. 

For the present time, the recommended grape varieties are: Cabernet-Sauvignon, Ugni 
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Blanc, Syrah, Chardonnay, Merlot and Semillon. The conditions for these grape varieties 

will be suitable up to the year 2050, under RCP4.5 and RCP8.5 scenarios. After 2050, the 

decision makers should decide for one of the forcing scenarios.  

According to the optimistic scenario (RCP4.5) until 2100, the wine makers should 

consider introducing varieties such as Grenache, Mourvèdre, Carignan, Barbera, 

Tempranillo, without discarding already proposed varieties. According to the pessimistic 

forcing scenario RCP8.5, the introduction of grape varieties such as Grenache, 

Mourvèdre, Carignan, Barbera, Tempranillo should be considered, and the discarding of 

Cabernet-Sauvignon, Ugni Blanc, Syrah, Chardonnay, Merlot and Semillon by from 2050 

to 2075. From the year 2075, the recommended grape varieties are Carignan, Cinsault, 

Mourvedre and Tempranillo. Irrigation, as a long-term adaptation technique, is not 

recommended for the Goriška Brda region, since the precipitation level is sufficient for 

normal vine growth and will not need any irrigation up to 2100, according to the future 

precipitation models under RCP4.5 under RCP8.5 scenarios (see 3.4.4). There are other 

adaptation strategies already discussed in several studies (Viguié et al., 2014; Costa et 

al., 2016), which can be used in Goriška Brda in the future, as the answer to climate 

change and to enhance quality of the grapes. Consequently, adaptation techniques 

create conditions to increase quality of the product. Shifting the location of the Goriška 

Brda region to the other location, more suitable for viticulture, will not be needed up to 

the year 2100. Other short and medium term adaptation strategies are cordially 

recommended. According to the delineation analysis (see 1.6), the suggested areas for 

production of quality white wine are mostly in the Lower Zone (south-west), especially 

on southern slopes. Most of the Higher Zone (north-east), is suggested for production 

of lower quality wines, like white table wines, sparkling wine and wines for distillates. 

Areas, not suitable for grape production are located on northern slopes, in the northern 

and eastern part of the Higher Zone, next to the region’s border. According to the 

warming trends of the elaborated models in Valencia DO, two long-term adaptation 

strategies are required: the introduction of heat and drought resistant grape varieties 

and changes to irrigation methods. The suggested grape varieties for the present time 

are Primitivo, Nero d’avola, Palomino and Fiano. After the year 2050, the trend under 

RCP8.5 will reach a point where climate conditions will not favour the growth of any kind 

of grape variety. The trend under RCP4.5 will in the year 2050 reach the point, where 

viticulture will be on the borderline of favorable conditions for viticulture.   

Irrigation adaptation technique is a must in Valencia DO region and is being applied on 

approx. 50% of the vineyards, since annual precipitation levels do not exceed 424 mm. 

The WR, according to the progress of ETo and precipitation, will significantly rise by 

2100, for each studied grape variety, especially for Bobal and Tempranillo (see 3.6). The 

increase will be significantly higher for maximum grape production, compared to quality 

grape production. Therefore, the wine makers in the Valencia DO region, should 

consider cultivating grape varieties Tempranillo, Moscatel and Bobal for quality 

production, rather than quantity production, according to the increasing WR in the 

region. Similar WR increase is most probably expected with other grape varieties, which 

are not mentioned in this analysis. Therefore, the recommendation for quality 

production applies to all grape varieties. Other medium and short-term adaptation 
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techniques are highly recommended, due to increased temperature trend in the future. 

The wine makers should use the adaptation techniques according to the elaborated 

temperature and precipitation models for Valencia DO region (see 3.3).  

Global climate change has had, and will have, a significant impact on the characteristics 

and quality of wine. Moreover, it also influences the potential of planting different grape 

varieties in existing vine growing regions. The question of adaptation by the viticultural 

sector to climate change is very important because the vine, contrary to annual crops, 

is planted for several decades, therefore the choice of grape varieties, adapted to the 

current and future climate is crucial (Barbeau et al., 2015). The methods of adaptation 

for viticulture are different, according to the intensity of the climate change. For 

example, in viticultural regions where the current effects of climate change are having a 

lesser impact (i.e. Western Europe), adaptation methods mainly concern changes in 

farming techniques in the short and medium term (see Fig. 6), such as the maintenance 

of the soil (i.e. weeding every second row in the event of drought at the end of summer, 

to prevent the grass from competing with the vine), timing and style of pruning or 

modifications of leaf area (i.e. limiting leaf removal in summer, to avoid elevated berry 

temperatures as a result of sunlight exposure).  

In case of areas exposed to more intense climate change impact, and higher air 

temperatures (i.e. Mediterranean basin), long term adaptation strategies should be 

considered: new types of combination vine/rootstock, technological change (i.e. 

precision irrigation applied in critical zones) and adaptation by moving the location of 

the vineyard to northern regions (Wolkovich et al., 2018). The results of agroclimatic 

studies, based specifically on climate simulation, propose relatively" brutal "methods of 

adaptation to climate change, such as displacement of wine-growing regions or the 

change of grape varieties (Quénol, 2017). Agroclimatic studies on local scales, such as 

this thesis, propose scenarios of adaptation to climate change, based on the spatial 

variability of climate and vineyard management, implemented by winemakers. By 

combining the agroclimatic characteristics of the study sites, with the regional scenarios 

of climate change, the adaptation itinerary proposed to winegrowers allowing temporal 

adaptation of short, medium and long term strategies.  

Furthermore, this thesis can be used as a future guide for wine makers under two future 

scenarios: (RCP4.5) How to improve the grape quality and consequentially enhance the 

wine quality? (RCP8.5) How to save vinegrape from the future climate change threat? 

The first guide refers mostly to Goriška Brda with some restrictions in the Valencia DO 

site. Nevertheless, the second guide refers to the Valencia DO site, especially in the last 

quarter of the 21st century, due to projected unfavourable climate conditions for vine 

growing.  

Decision makers should apply short to medium term adaptation strategies in Goriška 

Brda in the future. However, a change of varieties will be advisable in the second part of 

the 21st century. By following the map of spatial distribution of viticultural potential, 

along with the mentioned adaptation techniques, should enhance the grape and wine 

quality providing an economic boost to the region. Wine makers in Valencia should apply 

different adaptation strategies, according to the present climate and especially 

according to future climate change, which will have a higher impact than in Goriška Brda. 
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The irrigation strategies should be defined according to the elaborated WR, decision 

makers should adapt the grape varieties defined by bioclimatic indices through the time 

period.  

Without a doubt, the future environmental conditions favour Goriška Brda in context of 

favourable climate condition for viticulture. On the other hand, wine growers in Valencia 

DO should start planning to strategically change the location of vineyards, preferably 

closer to the Mediterranean seacoast or to areas with higher altitudes, to mitigate the 

undesirable future climate conditions for vine growing. Following presented strategies 

and suggestions, it is possible to increase the competitiveness of both vinegrowing 

regions in the future and create a boost for the wine economy on a regional and national 

level.  

Further work is needed, to improve future climate modelling and future adaptation 

projections. The uncertainties, which characterise future climate models, can be 

gradually decreased by future research. By using larger quantity and quality observation 

data, along with more precise climate models, it will be able to perform more precise 

future climate predictions. Consequently, more accurate future climate models will 

provide opportunities for more efficient adaptation to climate change impacts not only 

in viticulture, but also in other agricultural sectors. To enhance the temperature spatial 

variability in both viticultural regions, the introduction of numerous data loggers, with 

the ability to measure climate parameters, should be considered in future works. The 

data loggers were already used in various studies (Bonnefoy et al., 2013; Neethling, 

2016; Roux, 2017). It would give temperature data a high spatial variability during the 

observation period of one or more years. The results should be statistically compared to 

the results of this thesis and study the differences between modelized and observation 

data. The results would give valuable data in both wine making regions, to create more 

precise future temperature and bioclimatic indices models and to create more accurate 

data for future adaptation processes.  

Planification of possible future wine making regions by shifting already existing 

viticulture regions, especially the region Valencia DO, should be considered in the future. 

Since the future bioclimatic and temperature models were elaborated in this study for 

vaster area around both viticultural regions, the decision makers can use the results to 

define possible new future viticulture regions. However, more extensive work should be 

done by defining viticulture potential by GIS delimitation procedure focusing on 

geomorphology analysis and topography of the possible future area. It is suggested, that 

future work includes elaboration of the GIS map of grape varieties in the Goriška Brda 

region, which could make possible critical comparison with the final suitability map (see 

Fig. 55d). Furthermore, with GIS spatial analysis tools, areas can be defined where reality 

coincides with already elaborated analysis, and where the level of coincidence is lower. 

In these cases, wine makers would have a useful tool, for the possible changing of grape 

varieties to achieve better grape quality.  

It is suggested to develop an online program, available on the Internet, which would 

include part of the methodology used in this thesis, to calculate the future temperature 

and bioclimatic indices trends, including progress model of suggested grape varieties 

defined by bioclimatic indices. It should offer a user-friendly interface to target the 
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maximum number of users (decision makers, viticulturists, oenologists, etc.). Another 

online program should be developed, which would include the methodology from 

Analysis 6 (see 3.6), to calculate the WR for each grape variety, according to local climate 

conditions. The creation of a data bank, with single crop coefficients for each grape 

variety, should be created and used in the calculations. The result should be a future 

model of WR for a selected grape variety. This program would be very useful in regions 

experiencing rainfall deficit.  

The presented methodology of this thesis can be used in any area in the world, to 

elaborate future climate scenarios, which is important for forthcoming adaption of 

viticulture. Furthermore, this research is an important contribution for better 

understanding temperature changes in the future, which is not only required to enhance 

adaptation strategies. Indeed, it concerns also the adaptation of the human race to 

future climatic challenges. Optimistically, this study will challenge other researchers to 

conduct more studies on a similar theme, and to contribute to a better understanding 

of the future climate change impact. Furthermore, this thesis will hopefully contribute 

to a better future not only in Goriška Brda and Valencia DO, but also in other viticultural 

regions around the world by using the developed methodology. The promotion of 

alcoholic drinks is not always positively viewed in today’s society, so an important note 

about wine consumption and its positive effect on human health should be mentioned. 

According to recent research by Snopek et al. (2018), anthocyanins in wine (especially 

in red wine) with moderate consumption contribute in preventing cardiovascular 

diseases and protecting brain and nerve cells. Most scientists agree, the major cause of 

climate change has been due to past human activity; humans hold the key to a more 

encouraging future, also the future of viticulture. Therefore, depending on future 

human activity, there might be an alternative, more positive, future as proposed by 

RCP4.5. Hopefully, this thesis, with the discussed future climate projections, will 

contribute and be seen as a wake-up call for decision makers, to help them create crucial 

solutions for a better future; not only for viticulture, but also for the world in which we 

live. 
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6 ANNEXES 
6.1 Annex 1: Map of viticultural sites with granted status DO in Spain 

 

 
Figure 69: DO viticultural regions in Spain. Number 36 represents Valencia DO. Number 68 refers to all 
viticultural areas in Catalunya (Vinoespana, 2018). 
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6.2 Annex 2: Spatial-temporal analysis for the period 1985-2100 

 Observed and modelized temperature progress of weather stations in the 

Goriška Brda study site for the period 1985-2100 

Each graph in this section represents observation data and modelized data for each 

weather stations used in Gorška Brda study site (see Fig. 15) .  
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Figure 70: Observed and modelized temperature progress during the study period 1985-2100 in 
Goriška Brda study site, where Tmean_observations stand for annual Tmean at each weather station, 
Tmean_RCP4.5 and mean_RCP8.5 stand for modelized average annual temperature retrived from the 
Euro-Cordex dataset (Jacob et al., 2014) under RCP4.5 and RCP8.5 scenarios, respectively. 

 

 Observed and modelized temperature progress of weather stations in 
Valencia DO study site for the period 1985-2100 

Each graph in this section represents observation data and modelized data for each 
weather station used at the Valencia DO study site (see Fig. 16).  
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Figure 71: Observed and modelized temperature progress during the study period 1985-2100 at the 
Valencia DO study site, where Tmean_observations stand for annual Tmean at each weather station, 
Tmean_RCP4.5 and mean_RCP8.5 stand for modelized average annual temperature retrived from the 
Euro-Cordex dataset under RCP4.5 and RCP8.5 scenarios, respectively. 
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