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Resumo 
 

O principal objectivo desta Tese consiste no desenvolvimento e validação de 
um sistema de modelação capaz de simular em detalhe a exposição e a 
absorção do ozono (O3) ambiental pelas vinhas em ambientes mediterrânicos. 
Visa também contribuir para o estado da arte sobre a influência do clima na 
viticultura no contexto das alterações climáticas. A área de estudo 
seleccionada foi a Região Demarcada do Douro (DDR), em Portugal. A 
avaliação do impacto potencial das alterações climáticas baseou-se no 
refinamento da resolução das simulações globais de ERA-Interim e MPI-ESM-
LR, forçadas com um cenário de emissão de GEE RCP8.5 para períodos 
recentes (1986-2005) e futuros (2046-2065, 2081-2100), recorrendo ao modelo 
WRF. Para a avaliação do risco fitotóxico devido ao ozono, foi efetuada uma 
validação de uma simulação do sistema WRF-CHIMERE. Esta simulação 
abrangeu um período de crescimento para as vinhas entre Abril e Setembro de 
2017. No mesmo período, foi realizada uma campanha experimental, incluindo 
medições do ozono ambiente, fenologia, troca de gases foliares e relações de 
água, ao longo de vinhas representativas da área de estudo. A campanha 
indicou que o limiar de fitotoxicidade para O3 ambiental (40 ppb) foi atingido em 
todas as fases de desenvolvimento das vinhas, incluindo um período sensível 
como a floração. Em relação aos padrões de exposição ambiental ao O3, o 
indicador AOT40 entre Maio-Junho, 8 ppm-h, excedeu o objetivo a longo prazo 
para a proteção da vegetação, 3 ppm-h, e aproximou-se do estabelecido como 
norma geral anual pelas Diretivas Europeias 2002/03 e 2008/50, 9 ppm-h. As 
simulações de ozono ambiente, validadas pelo sistema WRF-CHIMERE, 
também indicaram que os limiares específicos para as vinhas, para AOT40 
entre Junho-Setembro, podiam ser excedidos, principalmente na sub-região 
mais seca e quente mais oriental da DDR, o Douro Superior. Por outro lado, o 
padrão baseado na dose de ozono fitotóxico introduzida na planta, POD, 
indicou também risco de fitotoxicidade, principalmente nas sub-regiões 
ocidentais da DDR, o Baixo Corgo e o Cima Corgo. O risco indicado pelo POD 
teve uma menor extensão quando ajustado ao comportamento fisiológico das 
castas de videira locais, sobretudo devido à inclusão do efeito de stress hídrico 
das plantas em toda a região. Os resultados das simulações climáticas WRF-
ERA para o período recente revelaram também uma relação coerente com o 
rendimento e qualidade da vinha na DDR em clima presente. Os cenários 
climáticos de médio e longo prazo do WRF-MPI indicaram uma tendência para 
condições mais quentes e secas, que propiciarão valores de produção e de 
qualidade inferiores aos recomendados. Conclusões importantes deste 
trabalho são a relevância de incluir parametrizações fenológicas e fisiológicas 
das castas de videira locais para refinar as normas relacionadas com o risco 
fitotóxico do ozono e as alterações climáticas. Uma limitação atual é a falta de 
relações exposição ou dose-efeito válidas para o O3 e as vinhas. 
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abstract 

 
The main objective of this Thesis is to develop and evaluate a modeling system 
capable of simulating in detail the exposure and uptake of ambient ozone (O3) 
by vineyards in Mediterranean environments. It also aims to contribute to the 
state of the art on the influence of climate in viticulture in the context of climate 
change. The selected study area was the Douro Demarcated Region (DDR) in 
Portugal. The assessment on climate change potential impact was based on 
WRF downscaled ERA-Interim and MPI-ESM-LR global simulations forced with 
a RCP8.5 GHG emission scenario, for recent-past (1986–2005) and future 
periods (2046–2065, 2081–2100). For the evaluation of phytotoxic risk due to 
ozone, a validation of a simulation with the WRF-CHIMERE system was carried 
out. This simulation covered a grapevine growing season from April to 
September 2017. In the same period, a field campaign was carried out, 
including measurements of ambient ozone, phenology, and leaf gas-exchange 
and water relations for the grapevine along representative vineyards of the 
study area. The field campaign indicated that the phytotoxicity threshold for 
ambient O3 (40 ppb) was reached in all stages of grapevine development, 
including a sensitive period such as flowering. Regarding ambient O3 exposure 
standards, the measured May-Jun AOT40, 8 ppm-h, exceeded the long-term 
objective for the protection of vegetation, 3 ppm-h, and was close to that 
established as a general annual standard by the 2002/03 and 2008/50 
European Directives, 9 ppm-h. The validated ambient ozone simulations by the 
WRF-CHIMERE system also indicated that grapevine-specific thresholds for 
Jun-Sep AOT40 could be exceeded, mainly in the drier, warmer Douro 
Superior eastern subregion. On the other hand, the standard based on the 
phytotoxic ozone dose introduced into the plant, POD, also indicated risk of 
phytotoxicity, this time mostly located in the Baixo and Cima Corgo western 
DDR subregions. The POD risk had a lesser extension when adjusted to the 
physiological behavior of local grapevine varieties, mainly due to the inclusion 
of the plant water stress effect throughout the region. It has also been possible 
to relate the WRF-ERA recent-past climate simulations with vintage yield and 
quality in the DDR. The mid-term and long term WRF-MPI climate scenarios 
revealed shifts to warmer and drier conditions not remaining within the ranges 
for quality and production. Important conclusions of this work are the relevance 
of including phenological and physiological parametrizations of local grapevine 
varieties to refine standards related with ozone phytotoxic risk and climate 
change. A current limitation is the lack of valid O3 exposure and dose-effect 
relationships for the grapevine. 
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1 INTRODUCTION 

1.1 FRAMEWORK 

Tropospheric ozone (O3) is by far the most important phytotoxic air pollutant worldwide 

(Krupa et al., 2000; Mills et al., 2018; Sicard et al., 2017; The Royal Society, 2008) causing 

foliar injury and reduction in growth, yield and quality of many agronomic and horticultural 

crops (Booker et al., 2009; Cho et al., 2011; Feng et al., 2022; Hayes et al., 2007; Rai and 

Agrawal, 2012), deciduous trees and conifers (Matyssek and Innes, 1999; Sacchelli et al., 

2021; Watanabe et al., 2016), and seminatural  and natural vegetation communities 

(Pfleeger et al., 2010; Volk et al., 2006). Global estimates of reduction in yield due to ozone 

exposure performed for the year 2000 are in the order of 8.5-14% for soybean, 3.9-15% for 

wheat and 2.2-5.5% for maize (Avnery et al., 2011a). As the global population is expected 

to grow from 6 to 9 billion between 2000 and 2050 and O3-precursors are expected to 

increase in developing countries with a global impact due to transport between continents, 

tropospheric ozone could become a threat to global food security of the same order of 

magnitude as climate change (Fiore et al., 2009; Sicard et al., 2017; The Royal Society, 

2008). 

Ambient ozone levels in Mediterranean environments have been reported as much higher 

than in North-Central Europe (Guerreiro et al., 2014; Mills et al., 2018; Sicard et al., 2017). 

In European Mediterranean regions, in particular, weak levels of anti-cyclonic subsidence, 

low winds, and strong insulation with development of mesoscale processes and 

recirculation within air masses are frequent during the summer (Millan et al., 2000). These 

conditions favour the photochemical production of O3, and ambient concentrations can be 

high enough to have phytotoxic effects. Field observations indicate that ozone injury is 

widespread on numerous crops grown in the Mediterranean region including wheat, maize 

and grapevine (Fumagalli et al., 2001; Mills et al., 2011a). As the levels of ambient ozone in 

Southern Europe could increase in association with a greater incidence of warm summers 

and heat waves under the worst emission trends and climate change scenarios (Fortems-

Cheiney et al., 2017; Jacob and Winner, 2009; Katragkou et al., 2011; Lacressonnière et al., 

2014; Meleux et al., 2007; Sicard et al., 2020, 2013), there is a need for consistent methods 

for risk assessment for these areas. A good number of studies have already addressed the 

possible impacts of different climate change scenarios on the suitability of different areas 
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to grow vineyards (Fraga et al., 2016; Malheiro et al., 2010; Santillán et al., 2019; van 

Leeuwen and Darriet, 2016). These studies also warn about the need to adapt to increased 

dryness for some areas whereas some other regions could benefit from gaining grape 

quality potential. 

The United Nations Economic Commission for Europe (UNECE) Convention on Long-Range 

Transboundary Air Pollution (CLRTAP) has extensively used the accumulated ozone 

concentration over a threshold of 40 ppb parameter (AOT40) to support decision making 

on pollution abatement policies for ecosystems protection. However, this cumulative 

exposure approach has been extensively criticized, as it does not relate with the actual dose 

or flux of ozone entering the plant. To overcome this limitation, a flux-based approach was 

developed. This approach has a stronger biological basis as it estimates a Phytotoxic Ozone 

Dose (POD) or ozone stomatal uptake as a function of ambient ozone concentration and 

several other critical environmental parameters such as temperature, water vapour 

pressure, light, soil water content and plant growth (Emberson et al., 2000a; Massman, 

2004; Musselman et al., 2006). The flux-based approach provides extremely useful 

information and it offers more realistic estimates of the actual O3 risk in Mediterranean 

environments. However, it still has a considerable amount of uncertainty (Nussbaum et al., 

2003), and it is not practical for routine monitoring  (Ferretti et al., 2007; Paoletti and 

Manning, 2007). Studies on the effects of ozone on the grapevine are still relatively scarce 

(Pellegrini et al., 2015; Roper and Williams, 1989; Valletta et al., 2016), and, to date, still 

very few are addressed to set standards for regulatory purposes or to estimate reductions 

in productivity and quality under current or future air pollution and climate scenarios 

(Fumagalli et al., 2019; Miranda et al., 2020; Soja et al., 2004, 2003, 1997). 

1.2 OBJECTIVES 

The main objective of this Thesis is to develop and evaluate a modelling system able to 

comprehensively simulate exposure and ozone uptake for grapevines under 

Mediterranean conditions besides contributing to the current state of the art on the 

influence of climate in viticulture and wine production in the context of climate change. 

Thus, this study aims to advance knowledge on which key factors, model formulations and 

parameterizations should be considered in order to successfully assess potential climate 
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and phytotoxic O3 risk under the local Demarcated Douro Region (DDR) Mediterranean 

conditions. In this context, five main research questions have been be investigated: 

1. Can coupled Global Climate Model-Regional Climate Model (GCM-RCM) simulations 

be related to grapevine yield and quality in order to assess potential risks in the 

context of climate change? 

2. Can the current European Monitoring and Evaluation Programme (EMEP) dry 

deposition model under CLRTAP adequately represent ozone uptake by local 

grapevine varieties in a Mediterranean area? 

3. What are the most important variables affecting ozone uptake by grapevine in a 

Mediterranean area and how could they be taken into account by the modelling 

system? 

4. What is the actual picture concerning ozone phytotoxic risk indicators once the dry 

deposition model is fitted to local observational data?      

The final purpose of this Thesis is to support strategies aimed to preserve high-quality and 

sustainable wine production in the context of climate change. 

1.3 METHODOLOGY 

The proposed study area is the Portuguese Demarcated Douro Region. The DDR presents a 

warm Mediterranean climate with hot summers (Köppen Csa) (Andrade et al., 2021; 

Climaco et al., 2012). The area has already been subject of a research project funded by the 

Portuguese Science and Technology Foundation (FCT) and the European Regional 

Development Fund (ERDF) called DOUROZONE (PTDC/AAG-MAA/3335/2014; POCI-01-

0145-ERDF-016778), which ended in June 2018. As such, there is access to a wealth of data 

and knowledge regarding the DDR that provide a suitable framework for this research. In 

the context of the DOUROZONE project and the subsequent development of this PhD 

Thesis dissertation, SOGRAPE VINHOS S.A. has also facilitated the collection of ambient O3 

data and shared meteorological data at one of its vineyard fields within the Douro Superior 

subregion and also shared meteorological data at one other location within the Baixo Corgo 

subregion. The Associação para o Desenvolvemento da Viticultura Duriense (ADVID) has 

also facilitated meteorological data for one representative location within the Cima Corgo 

subregion. Whereas the DOUROZONE project aimed to assess current and future exposure 
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scenarios for O3, this research has its main focus on refining the ozone dry deposition model 

for grapevines under the local Mediterranean conditions. 

To answer the identified research questions the following tasks have been addressed.  

Task 1. Climate change potential impact  

Concerning climate change impact assessment on the DDR, dynamical downscaling of 

European Reanalysis-Interim (ERA-Interim) and Max Planck Institute Earth System low-

resolution (MPI-ESM-LR) global simulations forced with a Representative Concentration 

Pathway 8.5 (RCP8.5) greenhouse gas (GHG) emission scenario was performed with the 

Weather Research and Forecast (WRF) model to a regional scale including the Douro Valley 

of Portugal for recent-past (1986–2005) and future periods (2046–2065, 2081–2100). The 

number, duration and intensity of extreme climate events were superimposed over critical 

phenological phases estimated by using a specific local grapevine varietal phenological 

model in order to assess their positive or negative implications for wine production in the 

region. An assessment of the relevance of climate parameters and indices and their 

progression in recent-past and future climate scenarios with regard to the potential impact 

on wine production was performed. 

Task 2. Modelling O3 dry deposition  

Concerning O3 phytotoxic risk assessment for the DDR, a validation of a simulation with the 

WRF-CHIMERE modelling system was performed. The simulation covered a reference 

grapevine growing season in the Northern Hemisphere (from April to September 2017), 

during which a particular measuring campaign was also carried out. The validation of the 

meteorological simulations on a daily and hourly time resolution was performed based on 

data from three weather stations, namely on temperature, global solar radiation, relative 

humidity, wind speed and direction values. The ozone phytotoxicity was assessed with data 

from two measuring stations. A specific grapevine growth parameter based on monitored 

phenological observations was introduced for ozone stomatal uptake assessment. 

Task 3. Model improvement 

A specific parametrization was developed for autochthonous grape cultivars within a leaf-

level stomatal flux model, the DO3SE model, which was coupled with the meteorological 

and atmospheric chemical transport modelling system, the WRF-CHIMERE. The DO3SE 
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model parametrization introduced in this study included phenology, photosynthetic active 

radiation, air temperature, air vapour pressure deficit, and leaf water potential as a proxy 

of soil water content. These modelling experiments included simulations with the current 

(default) Convention on Long-Range Transboundary Air Pollution DO3SE parametrization 

and with the proposed parametrization, and covered the reference grapevine growing 

season (from April to September 2017), during which a measuring campaign was carried 

out. A summary of the modelling procedure for the 2017 grapevine-growing season in the 

DDR can be found in Figure 1.1. 

 

Figure 1-1. Schematic summary of the modelling procedure. 

The ERA-Interim global simulations were dynamically downscaled using the WRF model. 

These downscaled simulations feed the atmospheric Chemistry Transport Model (CTM), 

CHIMERE, along with pre-processed emission data from EMEP. CHIMERE then models the 

sources (emission of anthropogenic and biogenic ozone precursors) and sinks (deposition) 

of ambient ozone. An assessment of the model was performed comparing ambient O3 

modelled data with observed one. The stomatal flux component (gs) is another key 

parameter to assess the model performance and the ambient ozone phytotoxic risk for the 

grapevine. 

Task 4. Phytotoxic risk assessment indicators 

Once the modelled grapevine ozone stomatal uptake was validated against the 2017 field 

observational and literature data, an analysis was performed to propose standards that 

could be used for regulatory purposes or to estimate changes in productivity and quality. 
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For this, the most critical situations (e.g. prevailing meteorological conditions, phenological 

stages, agricultural practices such as irrigation) regarding ozone phytotoxic risk have been 

identified. Moreover, specific ozone phytotoxicity standards for the grapevine in the DDR 

have been proposed considering the current air pollution and climate change abatement 

policies. 

This work was also accompanied by an extensive review on the validity and limitations of 

the standards used for the protection of vegetation in relation to ambient O3, the state-of 

the-art knowledge on O3 phytotoxic effects on the grapevine and the available means to 

assess its impact.  

1.4 STRUCTURE OF THE THESIS 

This Thesis is divided into 6 chapters, where each of the principal objectives and tasks of 

the PhD work is addressed (Figure 1-2).  

 

 

 

 

 

 

 

 

 

Figure 1-2. Structure of the Thesis. 

Chapter 1 presents the general framework and objectives of the PhD work. Chapter 2 is 

concerned with the work performed in relation to climate change potential impact. The 

literature review performed to assess the validity and limitations of the standards used for 

the protection of vegetation in relation to ambient O3, the state-of the-art knowledge on 

O3 phytotoxic effects on the grapevine and the available means to assess its impact is 

presented in Chapter 3. Chapter 4 describes the modelling of O3 dry deposition in the DDR 

with the WRF-CHIMERE modelling system and the default CLRTAP parametrization for the 

Chapter 1. Introduction. 

Chapter 2. Climate change impact on a wine producing region. 

Chapter 3. Assessment of tropospheric ozone phytotoxic effects on the grapevine. 

Chapter 4. Validation of meteorological and ground level-ozone simulations. 

Chapter 5. Improvement of local ozone phytotoxicity modelling. 

Chapter 6. Conclusions and future research. 
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grapevine. Chapter 5 presents the improvement of local ozone phytotoxicity modelling for 

the DDR by including specific autochthonous grape cultivars parametrization and a leaf 

water potential factor as a proxy for soil water potential factor. Finally, chapter 6 

summarizes the main conclusions derived from this work and provides recommendations 

for future research. 

For chapters 2 to 5, this Thesis comprises adapted versions of published or submitted 

papers to peer-reviewed Science Citation Index (SCI) journals. Both references and 

document formatting were altered, in order to make the text easier to read. In the papers, 

the author was responsible for the study design, the generation of the CHIMERE 

simulations covering the 2017 grapevine campaign in the DDR, the WRF and CHIMERE data 

postprocessing concerning climate parameters, bioclimatic and climate extreme indices, 

the statistical analyses, the analyses of results and the writing of the manuscripts. The co-

authors were responsible for the critical revision of the manuscript, and, when applicable, 

for providing modelling simulations (i.e. WRF simulations for Chapters 2, 4 and 5) or field 

campaign data for validation purposes (Chapters 4 and 5). 
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2 CLIMATE CHANGE IMPACT ON A WINE-PRODUCING REGION USING A DYNAMICAL DOWNSCALING 

APPROACH: CLIMATE PARAMETERS, BIOCLIMATIC INDICES, AND EXTREME INDICES 

This chapter was published as:  

Blanco-Ward, D., Monteiro, A., Lopes, M., Borrego, C., Silveira, C., Viceto, C., Rocha, A., Ribeiro, A., 

Andrade, J., Feliciano, M., Castro, J., Barreales, D., Neto, J., Carlos, C., Peixoto, C., Miranda, A.I, 2019. 

Climate change impact on a wine-producing region using a dynamical downscaling approach: 

climate parameters, bioclimatic indices and extreme indices. Int. J. Climatol. 39, 5741–5760. 

https://doi.org/10.1002/joc.6185  

I mainly contributed to the postprocessing of the WRF model simulations, the estimation of the 

climate parameters, bioclimatic indices and extreme indices, the grapevine phenological modelling, 

and the statistical analysis. I was also responsible for the writing of the paper.  

Abstract 

Climate change is of major relevance to wine production as most of the wine-growing 

regions of the world are located within relatively narrow latitudinal bands with average 

growing-season temperatures limited to 13–21 °C. This study focuses on the incidence of 

climate variables and indices that are relevant both for climate change assessment and for 

grape production, with emphasis on grapevine bioclimatic indices and extreme events (e.g. 

cold waves, storms, heatwaves). Dynamical downscaling of European Reanalysis-Interim 

(ERA-Interim) and Max Planck Institute Earth System low-resolution (MPI-ESM-LR) global 

simulations forced with a Representative Concentration Pathway 8.5 (RCP8.5) greenhouse 

gas (GHG) emission scenario was performed with the Weather Research and Forecast 

(WRF) model to a regional scale including the Douro Valley of Portugal for recent-past 

(1986–2005) and future periods (2046–2065, 2081–2100). The number, duration and 

intensity of events were superimposed over critical phenological phases estimated by using 

a specific local grapevine varietal phenological model in order to assess their positive or 

negative implications for wine production in the region. An assessment of the relevance of 

climate parameters and indices and their progression in recent-past and future climate 

scenarios with regard to the potential impact on wine production was performed. Results 

indicate a positive relation between higher growing-season heat accumulations and greater 

vintage yields. A moderate incidence of very hot days (daily maximum temperature above 

35 °C) and drought from pre-véraison phenological conditions have a positive association 

https://doi.org/10.1002/joc.6185
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with vintage ratings. However, the mid- and long-term WRF-MPI RCP8.5 future climate 

scenarios reveal shifts to warmer and drier conditions, with the mean growing-season 

temperature (GST) not remaining within range for quality wine production in the long-term 

future climate scenario. These results indicate potential impacts that suggest a range of 

strategies to maintain wine production and quality in the region. 

 

2.1 INTRODUCTION 

There is a general acceptance by the scientific community of the contribution of 

anthropogenic greenhouse gas (GHG) emissions to climate change. Depending on the GHG 

emissions scenario, an increase in global mean surface temperature ranging from 1 °C to 

3.7 °C is expected by the end of the century when compared to the reference period 1986–

2005 (IPCC, 2014). These annual temperature increases along with higher atmospheric 

carbon dioxide (CO2) may lead to longer growth seasons in Northern, Central and Eastern 

Europe, increasing the suitability of these areas for crops now prevalent in Southern Europe 

such as maize or sunflower. In an opposite way, productivity and suitability for energy crops 

and cereals is likely to decrease in Mediterranean Southern and South-Eastern Europe due 

to warmer and drier climate conditions (Falloon and Betts, 2009). 

The influence of climate is also critical in viticulture and wine production (Jones et al., 2005; 

Pons et al., 2017; van Leeuwen and Darriet, 2016). Year-to-year meteorological variations 

affect the yield and optimal environmental conditions for grapes to ripen and, therefore, 

whether wine typicity for a given ‘terroir’ or grapevine-growing region will be correctly 

expressed to achieve its full potential. This influence is known as the ‘vintage effect’, with 

climate having a greater impact on yield and quality than other environmental factors such 

as soil type or grapevine variety. In this sense, it is already known that an increase of 

temperature produces an advance in phenology, which in turn could have advantageous 

effects in northern or Atlantic conditions but be detrimental under Mediterranean 

conditions (Fraga et al., 2016; Moriondo et al., 2013). As the grapes are exposed to higher 

temperatures due both to climate change and advanced phenology, the supply of 

metabolites to the grapes is altered, generally causing greater sugar accumulation and 

higher alcohol levels, lower acidity and variable effects on different aromas and secondary 

metabolites (Mira de Orduña, 2010; Teixeira et al., 2013).   
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Jones and Alves (2012) also emphasized that most of the wine-growing regions of the 

world, in particular the Douro region in Portugal, are located within relatively narrow 

latitudinal bands with average April to October growing-season temperatures limited to 

13–21 °C. Therefore, small changes in temperature could affect the typicity and style of the 

wine produced, and if a climatic threshold is exceeded, balanced grape ripening becomes 

impaired. 

The multicriteria climatic classification (MCC) system for grape-growing regions worldwide 

(Tonietto and Carbonneau, 2004) along with other bioclimatic indices (e.g. Winkler index, 

Branas hydrothermic index) have been commonly used to assess the impact of climate 

change on the suitability for wine production across Europe. For instance, Malheiro et al. 

(2010) calculated the indices from climate variables obtained from simulations with a 

0.165° latitude–longitude resolution (grid size of about 18 km) performed with the regional 

climate model COSMO-CLM for the recent-past climate (1960–2000) and for the 21st 

century (2011–2040, 2041–2070 and 2071–2100 time periods). Their results indicated an 

increased soil water deficit and cumulative thermal effects during the growing season in 

Southern Europe, which could imply detrimental future conditions for wine production for 

this area unless suitable adaptation measures (e.g. rootstock and variety selection, training 

system and irrigation) are taken. In contrast, Western and Central Europe could benefit, 

with higher quality potential for grapes and even new potential areas for wine production. 

In another study by Fraga et al. (2014), the atmospheric variables taken from coupled global 

climate–regional climate model (GCM-RCM) simulations in combination with the MCC 

system were used to assess present and future scenarios for the Portuguese grapevine-

growing regions. An ensemble of 13 RCM simulations driven by three different GCMs 

produced by the ENSEMBLES project (van der Linden and Mitchell, 2009) was selected. The 

results illustrated relevant changes in the current bioclimatic Portuguese viticultural zones 

as they depict less bioclimatic diversity and a more homogenous warm and dry climate for 

most Portuguese wine regions. 

Concerning particular studies for the Portuguese Douro Valley region, a multivariate linear 

regression analysis was performed by Santos et al. (2013) relating a long wine-production 

series (1932–2010) collected by the Instituto dos Vinhos do Douro e Porto (IVDP), and 

atmospheric variables (namely, temperature and precipitation) from a climatological 
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station available for the period 1941–2010. Results indicated that high rainfall and cool 

temperatures during budburst, shoot and inflorescence development (February–March) 

and warm temperatures during flowering and berry development (May) are generally 

favourable for high production. The regression approach was then applied to climate 

parameters computed from atmospheric variables provided by 16 RCM experiments for 

recent-past and future climate changes for the period 2001–2099. An overall positive 

impact was found, with an increase of 10% in production by the end of the 21st century and 

an increase of high-production years from 25% to over 60%. Corte-Real et al. (2015, 2016) 

developed another statistical work relating wine production to climate in the Portuguese 

Douro Demarcated Region (DDR). Series of climate parameters and bioclimatic indices 

derived from weather stations from the Portuguese National Meteorological Service 

present in the Douro Valley area were correlated with yield and Port wine vintage chart 

records used as a proxy for vintage quality. Temperature was introduced into the logistic 

model as the successive time periods required to reach a given threshold of heat 

accumulation to pass from a given grapevine phenological phase (e.g. budburst) to the next 

one (e.g. flowering). The results of this study illustrated that weather characteristics (e.g. 

growing-season temperatures above the mean, warm winters, cool temperatures during 

ripening) are strongly associated with better quality vintages. 

Most recently, a grape production model (GPM) has been developed by Fraga and Santos 

(2017), relating daily historic temperature and precipitation from the E-OBS observational 

dataset with the grape production of three wineries within the Douro Valley region. The 

model compared thermal/hydric conditions each year with the average conditions for high- 

and low-yield vintages. Results indicated that relatively cool pre-flowering temperatures 

and relatively warm conditions during berry development favour higher yields. Higher 

production is also associated with years with precipitation above the mean before the 

flowering stage. 

The present research aims to advance the current state of the art by using a dynamically 

downscaled GCM-RCM atmospheric modelling configuration. Based on the Representative 

Concentration Pathway (RCP) 8.5 emission scenario (Moss et al., 2008)), simulations were 

performed for 20-year periods as adopted by the IPCC 5th Assessment Report (IPCC, 2013), 

namely 1986–2005 for the recent past, 2046–2065 for the mid-future and 2081–2100 for 

the long-term future climate. The study first aims to find significant associations between 
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climate and  key vintage production characteristics such as yield and quality in the Douro 

Demarcated Region (DDR) for the recent-past period using many of the pertinent climate 

extreme indices defined by the Expert Team on Climate Change Detection and Indices 

(ETCCDI) (Sillmann et al., 2013a, 2013b) besides the already commonly used atmospheric 

variables and the MCC system. It does so by using both a conventional approach based on 

Julian calendar dates and a phenological one based on thermal timings. Estimates of 

pertinent climate parameters and indices for both yield and vintage rating charts in the 

DDR as found in the first stage of this research are made thereafter for mid-term and long-

term future climate scenarios. Therefore, this study offers a comprehensive analysis of 204 

variables using state-of-the-art dynamically downscaled GCM-RCM high 9- and 1-km 

horizontal resolution climate simulations considering recent-past and future climate 

scenarios including key information for the DDR wine-producing area. According to the 

MCC system, the study area is currently representative of climatological conditions found 

in other renowned Mediterranean grape-growing regions such as the Napa Valley (USA), 

Mildura wine district (Australia) or Lujan de Cuyo (Argentina), making this study relevant 

for other areas besides the Portuguese DDR. 

2.2 STUDY AREA 

The Portuguese DDR is well known for the production of Port wine, a fortified type of wine 

with a long tradition produced only in Portugal and considered as one of the best wines in 

the world (Corte-Real et al., 2015; Fraga et al., 2017). The DDR runs along both margins of 

the Douro River from its midcourse in the west up to the border with Spain in the east. It 

extends along 50 km in the north–south direction and along 90 km in the west–east 

direction, with the westernmost area located 70 km from the Atlantic Ocean. The landscape 

is characterized by mountainous terrain, rising above the Douro River and its tributaries, 

with moderate to steep slopes and varying exposures. The average elevation over the 

entire region is 443 m, but it ranges from a low near 40 m to a high of just over 1400 m 

(Jones, 2013). The location of the study area is shown in Figure 2-1. 
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Figure 2-1. Map of the Douro demarcated region in Portugal. The map shows the location 
of the subregions “Baixo Corgo” (R1), “Cima Corgo” (R2) and “Douro superior” (R3). Nested 
domains used in the regional WRF model implementation are shown as squares. The 
domains have increasing horizontal resolution: 81 (D1), 27 (D2), 9 (D3) and 1 km (D4).  

The region covers approximately 250,000 hectares, with sloping vineyard areas 

representing roughly 43,480 hectares (17.4% of the total land area) arranged in various 

terraced configurations. As observed in Figure 2-1, the DDR is divided into three subregions: 

Baixo Corgo, Cima Corgo and Douro Superior. Baixo Corgo covers the smallest area (45,000 

ha), with Cima Corgo the next largest (95,000 ha) and Douro Superior the largest subregion 

(110,000 ha). The vineyard figures for these subregions are 13,368, 20,270 and 9,842 ha, 

respectively (IVDP, 2017a). 

The DDR has a Mediterranean climate, with highly variable rainfall events concentrated in 

winter months, and hot summers. It is sheltered from Atlantic wet and cold winds by two 

mountain ranges, Marão and Montemuro, located at its western border. Temperature 

increases, and precipitation decreases from west to east. The westernmost subregion 

inside the Douro Valley (Baixo Corgo) is nearer to the Atlantic Ocean and therefore more 

affected by the moist maritime winds. The easternmost regions within the Douro Superior 

subarea are more distant from the Atlantic Ocean, therefore having a more continental 

climate influence. According to Corte-Real et al. (2014, 2016), the region is classified as 

having a warm temperate climate (cool summer type b Mediterranean climate,Csb, under 

the Köppen climate classification system), with average annual temperatures during 1980–
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2009 of 15.4 °C, average daily minimum temperatures (Tmin) in the coldest month 

(January) dropping to 2.7 °C, and average daily maximum temperatures (Tmax) in the 

warmest month (August) reaching 32.1 °C. Mean growing-season temperature (GST) from 

April to September for the same climatological period is 20.6 °C. Growing-season 

precipitation (GSP) from April to September has a mean value of 193 mm, representing 

30% of the annual total (624 mm). The average precipitation of the driest month (July) is 

just 11.2 mm. Jones and Alves (2012) emphasized that low precipitation values along with 

high temperatures and high radiation exposure give rise to situations of intense summer 

plant–soil–water stress, particularly in the Cima Corgo and Douro Superior subregions. 

Based on data from three climatological stations representative of the three DDR 

subregions for the 1980–2009 period, the Huglin index (HI) averaged 2740 units whereas 

the cool night index (CI) was 13.6 °C and the dryness index (DI) was 126 mm. In the MCC 

system, the DDR climate is then classified as HI+2/DI+2/CI+1 (warm/very dry/cool nights) 

(Corte-Real, 2014). According to Tonietto and Carbonneau (2004), other renowned 

Mediterranean grape-growing regions falling under this classification are the Napa Valley 

(US) and the Mildura wine district (Australia). Although the MCC system is generally 

accepted as a useful tool to describe the climate of grape-growing regions globally, it is 

advisable to keep in mind that considerable variations at the mesoscale due to different 

factors such as topography or distance to the sea can exist (Blanco-Ward et al., 2007). In 

fact, values given for the Régua station within the Baixo Corgo subregion during 1951–

1980, as reported by Climaco et al. (2012), were 2489 Huglin units – close to the HI+1 2400 

HI limit of the temperate-warm class; 37 mm for DI –belonging to the DI+1 or moderately 

dry class; and 12.8 °C for CI – falling inside the same CI+1 category as the overall more 

recent classification. Those conditions would find an international match in the Lujan de 

Cuyo DO within the Mendoza province (Argentina). Regarding the grapevine varieties 

present in the DDR, Corte-Real (2014) mentioned that up to 50 are allowed by law and may 

be present in Port wine. Some of the most frequently used are ‘Touriga Nacional’, ‘Touriga 

Francesa’, ‘Tinta Roriz’ (‘Tempranillo’), ‘Tinta Barroca’ and ‘Tinto Cão’. 

2.3 DATA AND METHODS 

In this section, the datasets and methods used in this study are described. There are two 

main atmospheric datasets used in this work: the Weather Research and Forecast 
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European Reanalysis (WRF-ERA) dataset comprising daily records of atmospheric variables 

for the 1986–2005 recent-past climate simulation, and the Weather Research and Forecast 

Max Planck Institute (WRF-MPI) dataset also containing the 1986–2005 recent-past time 

span but also extending to the 2046–2065 mid-future and 2081–2100 long-term future 

climate scenarios. First, the WRF-ERA for the 1986–2005 recent-past simulations was 

validated using both a Julian calendar approach and a phenological thermal timing 

modelling approach. Once validated, the WRF-ERA dataset was used to estimate a group 

of 204 climate parameters and indices relevant for wine production in the DDR by using 

both the Julian calendar-based approach and the phenological approach. A statistical 

analysis was performed thereafter in order to find significant relations between the 

previously estimated climate parameters and indices and vintage yield and Port wine 

vintage rating records for the 1986–2005 recent-past simulation. Finally, a selected subset 

of indices and parameters found through the previous analysis was used to validate the 

WRF-MPI datasets and assess the possible impacts of climate change under the RCP8.5 

GHG emission scenario for wine production in the DDR. Figure 2-2 displays a summary of 

the workflow followed in this research. 
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Figure 2-2. Summary of the workflow followed in this study. First, work was performed to 
validate the WRF-ERA recent-past data set. A correlation analysis was applied between 
climate parameters and indices and vintage yield and quality records in the DDR 
afterwards. Finally, the work progressed to analyse the WRF-MPI recent-past, midterm and 
long-term future data sets based on a selection of relevant climate parameters and indices 
found in the previous stage. 

2.3.1 High-resolution WRF climate simulations 

Two sets of GCM results were used to provide initial and boundary conditions for regional 

climate simulation, specifically the ERA-Interim reanalysis and the Max Planck Institute 

Earth System low-resolution model (MPI-ESM-LR). The reanalysis data were obtained from 

the European Centre for Medium-Range Weather Forecasts (ECMWF) through the ERA-

Interim project, with a horizontal resolution of approximately 79 km (Dee et al., 2011). The 

MPI-ESM-LR is a global earth system model developed by the MPI with 1.9° horizontal 

resolution which corresponds to about 160 km horizontal resolution (Giorgetta et al., 

2013). This model participated in the Coupled Model Intercomparison Project Phase 5 

(CMIP5), which uses new emission scenarios, namely the RCPs (Andrews et al., 2012). In 

this study, RCP8.5, defined as a radiative forcing of 8.5 W m−2 by 2100 and a continuous 

increase after this year(Moss et al., 2008), was used. According to Riahi et al. (2011), the 

RCP8.5 provides an updated and revised quantification of the original IPCC A2 SRES 

scenario, representing a high business-as-usual GHG emission scenario assuming slow rates 

of economic development and technological change, and a rapidly growing population with 

associated high demand for food and corresponding high demand for fossil fuels. 

Compared to the total set of RCPs, it represents the highest GHG emissions scenario. 

The WRF model was used as a dynamical downscaling tool to obtain regional climate 

information from the GCM simulations. WRF is a mesoscale numerical weather prediction 

system which can be used in a wide range of applications across scales ranging from tens 

to thousands of kilometres. A detailed description of the model can be found in Skamarock 

et al. (2008), and further information on parameterizations specifically suited for the 

Iberian Peninsula can be found in Marta-Almeida et al. (2016). The RCM WRF high-

resolution climate simulations were performed for 20-year periods as adopted by the IPCC 

5th Assessment Report (IPCC, 2013), namely 1986–2005 for the recent past, 2046–2065 for 

the mid-future and 2081–2100 for the long-term future climate. These simulations were 

implemented by Viceto et al. (2017) for three nested domains with increasing horizontal 
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resolution, namely 81 (D1), 27 (D2) and 9 km (D3). A fourth 1-km horizontal resolution 

domain (D4) was implemented for three years only (2000, 2049 and 2097) due to the 

intensive computer resources required by the dynamical downscaling WRF-MPI 

configuration (Figure 2-1). This study uses the 9- and 1-km horizontal resolution domains 

focusing on a confined area comprising the DDR, taking advantage of the WRF dynamical 

downscaling approach to include the effects of proximity to the Atlantic Ocean and the 

complex topography of the Douro Valley in the regional climate simulations. 

2.3.2 Phenological modelling 

It was Réaumur who first introduced in 1735 the concept of heat units or ‘thermal time’ 

and a relationship between the development rate of a crop and temperature as a sum of 

heat degrees (Bonhomme, 2000; Mcmaster and Wilhelm, 1997). Heat units are nowadays 

commonly measured as growing degree days (GDD, °C units) which are estimated as a daily 

temperature summation above a temperature base required for a given crop to complete 

a specific phenological stage: 

𝜃 = ∫(𝑇 − 𝑇𝑏)𝑑𝑡         (1) 

where  (°C) represents the thermal duration of a specific phenological stage, T is the daily 

average temperature and Tb is a threshold above which there is plant development within 

that phenological stage. Models based on GDD have been used extensively to simulate the 

phenology of the grapevine (Carbonneau et al., 1992; Hidalgo, 1980) or as grapevine zoning 

bioclimatic indices (Huglin, 1986; Riou, 1994; Winkler et al., 1974). 

A specific phenological scheme partitioning the annual development cycle of the grapevine 

into three major phases (b – budburst to flowering, f – flowering to véraison, and v – 

véraison to maturity) has been already proposed for the study area by Corte-Real et al. 

(2015, 2016). This phenological model used a mixed grapevine variety configuration as the 

Tinta Roriz variety was used to define the required GDD to reach budburst, flowering and 

veraison, and the Touriga Franca variety was used to estimate the required GDD to reach 

maturity in the DDR. This was done in order to simulate an intermediate varietal behaviour 

(neither an early nor a late grapevine variety class) for all those phenological stages, using 

two varieties present extensively in the Douro Valley region. 

This work makes use of the mixed ‘Tinta Roriz-Touriga Franca’ local grapevine varietal 

phenological model to compute the timings of the key grapevine phenological timings (b –
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budburst, f – flowering and v – véraison or ripening onset) for the four climate-modelling 

configurations presented in section 3.1 (WRF-ERA recent past, WRF-MPI recent past, WRF-

MPI mid-future and WRF-MPI long-term future) based on the specific varietal GDD 

requirements as observed at the Portuguese National Ampelographic Collection (Lopes et 

al., 2008). In section 4, results are compared with specific phenological observations 

recently made available for the Douro Valley region (Alves et al., 2013). 

2.3.3 Climate parameters and indices 

Using the daily maximum and minimum temperatures and the daily total precipitation from 

the four different regional WRF modelling configurations (WRF-ERA recent past, WRF-MPI 

recent past, WRF-MPI mid-future and WRF-MPI long-term future), a total of 50 climate 

parameters, four grapevine bioclimatic indices and 150 climate extreme indices were 

calculated. 

2.3.3.1 Climate parameters 

The climate parameters resulted from computing the average of daily maximum 

temperatures, daily minimum temperatures and daily mean temperatures (as Tmax + 

Tmin/2), the total precipitation (P) for every month from April to September, and each one 

of the yearly phenological stages based on the conventional monthly scheme for the 

Northern Hemisphere (budburst usually occurs between March and April, flowering occurs 

more often in June and July, and véraison usually happens between August and 

September). Therefore, a set of 36 climatic parameters was calculated following the 

conventional Julian calendar scheme (e.g. Tmax Apr-May, Tmin Apr-May, Tave Apr-May, P 

Apr-May etc.). Another set of 12 climatic parameters was computed considering the 

thermal timings according to the phenological modelling (Tmax-b, Tmin-b, Tave-b, P-b etc.). 

Finally, two other climatic parameters were computed following the conventional scheme 

(months from April to October) to summarize information for intercomparison purposes: 

the growing-season average temperature (GST) and the growing-season total precipitation 

(GSP). 

2.3.3.2 Bioclimatic indices 

Four specific grapevine bioclimatic indices were selected: the Winkler index (WI), HI, CI and 

DI. These indices are commonly used to characterize grapevine-growing areas worldwide 
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in a standardized way and as an agronomic zoning tool (Anderson et al., 2012; Blanco-Ward 

et al., 2007; Jones et al., 2010; Tonietto and Carbonneau, 2004). 

WI is the sum of the daily average temperatures above a threshold temperature of 10 °C 

considered the active grapevine temperature (the temperature above which its vegetative 

cycle is activated) during the growing season. This index is usually calculated from monthly 

data taking as growing season the months between April and October (Winkler et al., 1974): 

𝑊𝐼 = ∑ (𝑇𝑎𝑣𝑒 − 10 ˚𝐶), 𝑇𝑎𝑣𝑒 ≥ 10 ˚𝐶𝑂𝑐𝑡𝑜𝑏𝑒𝑟31𝑠𝑡
𝐴𝑝𝑟𝑖𝑙1𝑠𝑡        

𝑇𝑎𝑣𝑒 =
𝑇 𝑚𝑎𝑥 +𝑇𝑚𝑖𝑛

2
         (2) 

The HI provides information regarding heliothermal potential. According to Tonietto and 

Carbonneau (2004), this index is very much correlated with WI (r2 = 0.98 over 97 grape-

growing regions worldwide) but provides a better idea of qualitative factors such as berry 

sugar potential. 

𝐻𝐼 = ∑
(𝑇 𝑚𝑎𝑥 −10 ˚𝐶)+(𝑇𝑎𝑣𝑒−10 ˚𝐶)

2
𝑑𝑆𝑒𝑝𝑡𝑒𝑚𝑏𝑒𝑟30𝑡ℎ

𝐴𝑝𝑟𝑖𝑙1𝑠𝑡   

𝑇𝑎𝑣𝑒 =
𝑇 𝑚𝑎𝑥 +𝑇𝑚𝑖𝑛

2
         (3) 

where, again, Tave is the mean air temperature (°C), Tmax is the maximum air temperature 

(°C), and d is a length of day coefficient ranging from 1.02 to 1.06 between 40° and 50° of 

latitude. A value of 1.02 was assumed for a latitude between 40°01’ and 42°00’. This index 

is usually calculated from monthly climatic means, taking as growing season the April to 

September period. 

The purpose of CI is to improve the assessment of grape qualitative potential, notably in 

relation to secondary metabolites (polyphenols, aromas) in grapes, and takes into account 

the minimum night temperatures during the usual ripening month (Tonietto and 

Carbonneau, 2004). 

𝐶𝐼 = ∑
𝑇𝑚𝑖𝑛

30

𝑆𝑒𝑝𝑡𝑒𝑚𝑏𝑒𝑟 30𝑠𝑡

𝑆𝑒𝑝𝑡𝑒𝑚𝑏𝑒𝑟 1𝑠𝑡
        (4) 

Finally, DI indicates the potential water availability in the soil, related to the level of dryness 

in a region. It is also related to the level of grape ripening and wine quality: 

𝑊 =  𝑊𝑜 − 𝑃 −  𝑇𝑣 −  𝐸𝑣        (5) 
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where W is the estimated soil water reserve at the end of a given month, W0 is the initial 

soil water reserve which can be accessed by the vine roots in that period, P is the total 

monthly precipitation, Tv the potential transpiration of the vineyard, and Es the direct 

evaporation from the soil. To compute Tv and Es, it is also necessary to compute the 

monthly total potential evapotranspiration. This is usually done by the Penman–Monteith 

method but, as we only work with temperature and precipitation records, it was 

approximated by the Hargreaves method, which produces comparable results in arid and 

semiarid environments (Hargreaves et al., 2003). For intercomparison reasons, W is also 

calculated sequentially on a monthly basis during the same period used for HI (April 1st to 

September 30th), which is acceptable for most grape-growing regions in the Northern 

Hemisphere. The result is expressed in millimetres of water in the soil. The initial W0 is 

usually taken as 200 mm (Tonietto and Carbonneau, 2004). The classes of viticultural 

climate for the grapevine mean growing-season temperature, the Winkler index, the Huglin 

index, the cool night index and the dryness index can be found in Table A-1 (supplementary 

material). 

2.3.3.3 Extreme climate indices 

A group of fifteen climate extreme indices from the group of 27 core indices developed by 

ETCCDI (Sillmann et al., 2013a, 2013b) related to the incidence of cold waves, storms and 

heatwaves, which could be relevant for the grapevine, were calculated on a yearly basis 

first. Namely, these indices were:FD0, the number of frost days per year where Tmin < 0 

°C. 

SU25, the number of summer days per year where Tmax > 25 °C. 

SU35, the number of very hot or stressful days per year where Tmax > 35 °C. 

TR20, the number of tropical nights per year where Tmin > 20 °C. 

CSDI, cool spell duration index or the total number of days being part of cool spells longer 

than 6 consecutive days in duration. A day is considered to belong to a cold spell if Tmin is 

less than the calendar-day Tmin 10th percentile centred on a 5-day window for the base 

period studied. 

WSDI, warm spell duration index or heat wave index, or the total number of days being 

part of warm spells longer than 6 consecutive days in duration. A day is considered to 
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belong to a warm spell if Tmax is greater than the calendar-day Tmax 90th percentile 

centred on a 5-day window for the base period studied. 

R10, the number of days per year with heavy precipitation (daily precipitation > 10 mm). 

R20, the number of days per year with very heavy precipitation (daily precipitation > 20 

mm). 

CWD, the maximum number of consecutive wet days per year where daily precipitation > 

1 mm. 

CDD, the maximum number of consecutive dry days per year where precipitation < 1 mm. 

DTR, daily temperature range or annual mean difference between Tmax and Tmin. 

Warm spells accounting for the total number of days per year with at least 3 and 6 

continuous days with Tmax greater than 35 °C were also computed and associated with 

indices named WSDI-3d and WSDI-6d, respectively. Cold spells accounting for the total 

number of days per year with at least 3 and 6 continuous days with Tmin less than 0 °C 

were also computed and associated with the variables CSDI-3d and CSDI-6d. The climate 

extreme indices were also computed for each phenological stage (budburst, flowering and 

véraison) based on the previously mentioned conventional Julian calendar monthly 

configuration and the mixed Tinta Roriz-Touriga Franca local grapevine varietal 

phenological model. The climate extreme indices related to cold surface atmospheric 

conditions were computed for the dormancy period (November to March) and extended 

only to the budburst stage during the grapevine-growing season. Overall, 150 variables 

related to climate extreme indices were computed at the annual scale and specific 

phenological-stage timings for the grapevine. A list of pertinent abbreviations is given in 

Table A-2 (supplementary material). 

2.3.4 DDR yield and quality data 

The average yield (hl/ha) of all types of wine produced in the DDR for the recent-past 1986–

2005 period was considered. Data were available from Corte-Real (2014) consisting of a 

compilation of data from the Portuguese Office for National Statistics (INE), taking into 

account the increase in planted areas since 1982. Data on Port vintage ratings were 

selected from Corte-Real et al. (2016) and Corte-Real (2014), taking into account the scores 

of a set of eight renowned vintage charts and the IVDP regulating board ratings (Table A-3, 
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supplementary material) which classifies Port wines as Vintage Port wines only when very 

high standards of organoleptic quality are met. As Port wine makes up to 60.4% of the total 

production of wine in the DDR (IVDP, 2017b), it can be assumed that Port wine quality 

ratings are highly correlated with the overall vintage quality in the DDR. The original vintage 

scores for the recent-past period (1986–2005) can be found in Table A-4 (supplementary 

material) as compiled in Corte-Real et al. (2016). 

2.3.5 WRF validation and statistics 

The April to October GST values and the estimated dates for véraison from the mixed Tinta 

Roriz-Touriga Franca local grapevine varietal phenological model for the selected cells were 

used to validate the WRF-ERA recent-past modelling simulations against GST estimates 

from the 0.25° horizontal resolution E-OBS (Haylock et al., 2008) and data on grapevine 

phenology observations taken over 10 years in a vineyard within the DDR (Alves et al., 

2013). As the maturity stage is highly dependent on the style of wine to be produced and 

cannot be defined with high precision, these records only report chronological duration up 

to the onset of the véraison phenological stage. Therefore, this phenological stage was 

chosen to evaluate the suitability of using the WRF-ERA recent-past simulations when the 

mixed Tinta Roriz-Touriga Franca local grapevine varietal phenological model is applied. 

Once the WRF-ERA model outputs were validated, the data on standardized vintage yield 

and vintage rating scores, and the standardized climate parameters, bioclimatic and 

climate extreme indices estimated for the WRF-ERA 1986–2005 recent past were 

submitted to Spearman correlation tests to look for significant associations. For the case of 

the MB and IVDP vintage scoring systems, Mann–Whitney statistical tests were performed 

as they could be grouped into just two groups of vintages (IVDP 1 Vintage Port, IVDP 0 Non-

Vintage Port, MB ≤ 3 Good/Very Good vintage, MB ≥ 4 Excellent/Award vintage). These 

tests were selected considering that many of the variable distributions analysed were non-

normal as is often the case for climate extreme events (e.g. summer storms, warm or cold 

spells). Finally, based on the significant associations found for the WRF-ERA recent-past 

dataset, some representative climate parameters and indices were estimated by using the 

WRF-MPI simulations for the recent-past and future scenarios to assess their potential 

impact on wine production for the whole DDR and the grapevine-cultivated areas as 

derived from CORINE 2006 (Caetano et al., 2009). 
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2.4 RESULTS AND DISCUSSION 

Results will be discussed in the same order as the workflow diagram (Figure 2-2) used in 

section 2.3. First, the quality of the WRF-ERA dataset for the DDR is introduced. A 

presentation and discussion of significant relations found between climate parameters, 

grapevine bioclimatic indices and climate extremes and vintage yield and Port wine rating 

scores in the study area follows. Finally, an assessment regarding the possible impacts of 

climate change in the DDR is performed by using WRF-MPI datasets for the recent-past and 

future RCP8.5 GHG emission climate scenarios. 

2.4.1 WRF-ERA data validation 

Due to the lack of detailed temperature records in the region covering the whole DDR area, 

E-OBS is considered here as the reference for validation purposes. The simulations used in 

this study, performed with the WRF forced by ERA (and also by MPI), were generally 

validated (at 9 km horizontal resolution) by Marta-Almeida et al. (2016) for the reference 

climate (1986-2005) by comparison with gridded temperature datasets derived from 

meteorological station records for Spain and Portugal. Marta-Almeida et al. (2016) 

reported an acceptable comparison of both model configurations applied in this work 

(WRF-ERA and WRF-MPI) when daily climatologies of temperature and precipitation were 

compared with observational datasets across coarse climatological subregions. Pereira et 

al. (2017) used the same simulations outputs and validated temperature (at 9 km horizontal 

resolution) and its extremes and other temperature-derived measures with those obtained 

from E-OBS.  

Figure 2-3 shows the spatial pattern of the grapevine April to October GST over the Douro 

Valley as modelled for the D3 9 × 9-km WRF-ERA configuration. 
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Figure 2-3. Mean April to October growing-season average temperature (GST, ˚C) as 
calculated from the 9 × 9-km 1986–2005 WRF-ERA simulations. The DDR limits are 
represented with its main subregions (Baixo Corgo, Cima Corgo and Douro superior), and 
grapevine-cultivated areas are derived from CORINE 2006. 

The 9 × 9-km resolution WRF simulations forced by ERA-Interim reanalysis resulted in 

realistic patterns of surface atmospheric variables. Within the DDR, the GST values portray 

a west–east trend resulting from the orientation of the main valley itself and the increasing 

distance from the sea.  Mean GST for the three DDR subregions are shown in Table 2-1 for 

WRF-ERA and E-OBS. Table 2-1 also portrays the resulting mean véraison dates along with 

the WRF-ERA April to October GST means obtained for each of the DDR subregions. The 

GST mean values are very close to those estimated based on the 0.25° horizontal resolution 

E-OBS dataset for the same years. Only the Douro Superior subregion presents an average 

véraison date within the 95% confidence limits of the timings reported for the area by Alves 

et al. (2013). These rather delayed phenological figures could be attributed to an important 

difference between the average height of the selected WRF-ERA cells (536 m for the Baixo 

Corgo subregion, 526 m for the Cima Corgo subregion and 452 m for the Douro Superior 

subregion) and that of the field plot where the phenological dates were observed (Quinta 

da Cavadinha, 205 m). Based on these results, only one WRF-ERA 9 × 9-km cell 

representative of the mean conditions of the Douro Superior subregion was used for the 

correlation analysis. 
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Table 2-1. Growing-season temperature (GST) and véraison statistics for the three DDR 
subregions. 

1986–2005 recent-past period 

 GST means (°C) Véraison date (Julian day) 

DDR subregion WRF-ERA E-OBS Model Field 

Baixo Corgo 16.0  16.1 241 

175–229* Cima Corgo 16.4 16.8 237 

Douro Superior 17.4 17.4 224 

*The date range given represents the 95% confidence limits for the onset of véraison in a 
representative vineyard in the study area. 

2.4.2 Vintage yield and quality in relation to climate 

All of the rating charts have strong (>0.6) and significant Spearman’s correlation 

coefficients with at least two other charts (Table 2-2). WA is the exception, not correlating 

significantly with any one of the others. As the number of Port vintages specifically 

evaluated was higher in IVDP (20), WE (19), MB (17) and DC (14) compared to the other 

charts, these were the final charts selected to analyse the relationship between Port wine 

vintage ratings and climate. It is worthwhile noticing that yield presented significant 

negative correlations with two of the rating charts (WS, VT). This suggests an inverse 

relationship between vintage yield and Port wine vintage ratings. 

Table 2-2. Significant correlation coefficients among the different vintage rating charts. 

 Yield BBR DC IVDP MB SWE VT WE WS 

BBR -0.075         

DC -0.083 0.939**        

IVDP 0.062 0.642* 0.446       

MB -0.227 0.626 0.821** 0.447      

SWE 0.001 0.583 0.466 0.749** 0.550     

VT −0.685* 0.671 0.316 0.570 0.474 0.751**    

WE -0.191 0.467 0.489 0.607** 0.751** 0.632** 0.673**   

WS −0.548* 0.772 0.830 0.412 0.772* 0.482 0.913** 0.747**  

WA -0.118 0.445 0.426 NaNNA 0.000 -0.031 -0.320 -0.061 0.088 

Vintage rating charts acronyms: Berry Bros & Rudd (BBR), Decanter (DC), Instituto dos 
Vinhos do Douro e do Porto (IVDP), Michael Broadbent (MB), Sotheby’s Wine 
Encyclopaedia (SWE), Vintages (VT), Wine Enthusiast (WE), Wine Spectator (WS), Wine 
Advocate (WA). 



Chapter 2 | Climate change impact on a wine-producing region. 
_________________________________________________________________________________  

_________________________________________________________________________________ 
   
    27 
 

NaNNA – Not a number, not available. As it can be observed in Table A-4 (supplementary 
material), there are only 6 WA-rated vintages which were all qualified as top-vintage years 
with a value of 1 according to the IVDP vintage rating chart. Therefore, it is not possible to 
compute a Spearman’s correlation coefficient for this case. * 95% significance level, ** 99% 
significance level.  

Table 2-3 shows the significant moderate (> 0.5) and strong (> 0.6) associations found 

between the climate parameters and indices, as computed from the daily temperature and 

precipitation records from the Douro Superior subregion WRF-ERA cell, and the 

corresponding vintage yield and Port wine vintage rating records for the recent-past 1986–

2005 time period. It is worth noticing that, within a viticulture context, correlation values 

as low as 0.54 have been considered highly relevant in a study relating water deficit to 

vintage quality (van Leeuwen and Darriet, 2016). These correlations are also similar in 

range to those found in another study at a close latitude (Galicia, north-west Spain) relating 

wine production to climate parameters (Lorenzo et al., 2012). Several correlations were 

found by using Mann–Whitney tests too. Some associations (e.g. Tmax-b, Tmax-v, SU25-f, 

SU35-f, CDD-f) were identified using the phenological modelling configuration, showing the 

benefit of using thermal timings based on accumulated heat rather than using only the 

conventional monthly schemes based on Julian calendar dates. 

Table 2-3. Significant moderate (>0.5) to strong (0.6) correlations between vintage yield 
and quality rating charts and climate parameters and indices for the 1986-2005 recent-
past period. 

1986–2005 recent-past period 

 Yield WE DC MB IVDP 

Statistical test Spearman’s correlation ρ Mann–Whitney U 

Growing season 

Tave-AprSep (°C) 0.519*     

GDD-AprSep 0.575**     

HI (unitless) 0.581*     

SU25 (days) 0.555*     

Dormancy 

FD0-JanMar (days)   0.580* 0.038 0.025 

CSDI-3d-JanMar (days)    0.048 0.037 

Budburst 

T max-b (°C)    0.015  

SU25-May (days)  0.645**   0.044 

P-May (mm) −0.538*     
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Flowering 

SU35-f (days)  0.723**    

CDD-f (days) −0.612** 0.475**    

CDD-JunJul (days)  0.592** 0.678*  0.069 

Véraison 

T max-v (°C) 0.533*     

SU25-v (days) 0.524*     

P-Aug (mm)  0.423**    

R10-Aug (days)  0.559**  0.023 0.037 

Tave-AprSep (°C) – Growing-season April to September average temperature, GDD-AprSep – April 
to September growing-degree days, HI (unitless) – Huglin index, SU25 (days) – number of summer 
days per year, FD0-JanMar (days) number of frost days from January to March, CCDI-3d-JanMar 
(days) – cold spell index accounting for the total number of days from January to March with at 
least three continuous days with T min < 0˚C, T max-b (°C) - mean of daily maximum temperatures 
from the budburst to the flowering stage,  SU25-May (days) – number of summer days per year, P-
May (mm) – May total precipitation, SU35-f (days) – number of very hot days from the flowering to 
the véraison stage, CDD-f (days) – maximum number of continuous dray days (P = 0 mm) from the 
flowering to the véraison stage, CCD-JunJul (days) - maximum number of continuous dray days (P = 
0 mm) from June to July, Tmax-v (°C) - mean of daily maximum temperatures from the véraison 
stage to the end of September, SU25-v (days) - number of summer days from the véraison stage to 
the end of September, P-Aug (mm) – August total precipitation, R10-Aug (days) – number of days 
with heavy precipitation during August (P > 10 mm).  * 95% significance level, ** 99% significance 
level. 

Elevated growing-season April to September average temperatures (Tave Apr-Sep) and 

heat sums (GDD-AprSep, HI), lower rates of precipitation from May (P-May) accompanied 

by dry conditions during the flowering stage (CDD-f), and high daily maximum 

temperatures (Tmax-v) associated with a high frequency of summer days (SU25-v) from 

véraison to maturity time are related to high grapevine yields. These results are consistent 

with other studies performed in the area, such as those of Corte-Real (2014), Fraga and 

Santos (2017) and Santos et al. (2011, 2013). 

Wine quality ratings relate differently to meteorological conditions than yield. Port wine 

vintage ratings appear to be positively associated with sufficient cold requirements during 

dormancy (FD0-JanMar, CSDI-3d-JanMar), elevated daily maximum temperatures during 

budburst followed by a high incidence of May summer days (SU25-May) and very hot days 

(Tmax > 35 °C) from flowering to véraison (SU35-f) associated with prolonged periods 

without rain (CDD-f, CDD-JunJul). Finally, moderate amounts of rain commonly associated 

with isolated summer storms (P-Aug, R10-Aug) help to relieve severe water stress and 

appear to be associated with good Port vintages too. According to van Leeuwen and Darriet 
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(2016), these conditions are favourable to a decrease in bud fertility and the development 

of a smaller berry size, which result in a smaller number of grapes developed per vine with 

a greater chance of a balanced supply of photoassimilates to them. 

2.4.3 Climate change analysis: reference and future scenarios 

2.4.3.1 Climate parameters and indices 

GST, véraison onset and SU25, SU35 and FD0 climate extreme indices were selected as 

representative due to their simple definition and significant association with vintage yield 

and Port wine vintage ratings as found in the previous section. Table 2-4 shows the 

estimated climate-related parameters and indices based on the WRF-ERA and WRF-MPI 

simulations. The WRF-MPI 1986–2005 dataset manifests a cooler bias for GST (−1.1 °C), 

véraison (15-day delay), SU25 (−12 days) and SU35 (−3 days) but not for FD0 where the 

figures are greater in WRF-ERA (+11 days). With respect to the bioclimatic indices, there is 

only agreement in the mean general Winkler class for the whole DDR (Ib) and CI (CI+2), with 

HI and DI having mean warmer and drier conditions, respectively, in WRF-ERA. Despite the 

differences found in means and bioclimatic class labels, the standard deviations are very 

close in most cases. 

Table 2-4. Differences of means and standard deviations between WRF-ERA and WRF-MPI 
for some representative climate-related parameters and indices in the DDR. 

1986–2005 recent-past climate scenario 

 WRF-ERA WRF-MPI 

 �̅�  �̅�  

April to October growing-season average temperature GST (°C) 16.7 0.38 15.6 0.37 

Véraison onset (Julian day) 234 4 248 3 

Number of summer days per year SU25 (days) 77 6 63 6 

Number of very hot days per year SU35 (days) 4 1 1 0.3 

Number of frost days per year FD0 (days) 36 4 25 3 

Winkler index WI (GDD) Ib 75 Ib 70 

Huglin index HI (unitless) 

 

 

 

 

 

HI−1 85 HI−2 79 

Dryness index DI (mm) DI+1 14 DI−1 10 

Cool night index CI (°C) CI+2 0.2 CI+2 0.2 

 

Performing a specific fit of the WRF-MPI dataset for the DDR is beyond the scope of this 

work. Instead, warm years offsetting the cooler bias during the April to October grapevine-
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growing season of −1.1 °C detected in the 9 × 9-km MPI dataset in the DDR area when 

compared to the WRF-ERA dataset were selected to perform 1 × 1-km WRF-MPI D4 

simulations that could be representative of extreme hot seasons for the recent-past and 

future climate conditions in the study area: namely, the years 2000, 2049 and 2097 were 

selected this way (highlighted in bold in Table A-5, supplementary material). Also, the 

maximum average temperature of the peak summer months (i.e. July to September) was 

considered to select 2097 instead of 2098 for the long-term future. 

2.4.3.2 From reference to future climate scenarios 

Results concerning FD0, SU25 and SU35 for the WRF-MPI 2000, 2049 and 2097 simulations 

are shown in Figure 2-4. FD0 values are lower in the western subregion and could reach 

higher values close to 10–20 days per year at the highest elevations in the central and 

eastern subregions. The differences between the results obtained for 2049 and 2097 

indicate rates of change between 0 and 10 fewer frost days per year for most of the DDR, 

with the greatest decrease in rates present at the highest elevations of the central and 

western subregions. The highest incidences for SU25 with values greater than 100 days per 

year are found at the lowest elevations across the DDR, with greater extension in the 

eastern subregion. Rates of change range mostly between 10 and 20 SU25 days more per 

year for 2049, and 30 and 40 more SU25 days per year by 2097, with higher increases at 

higher elevations. With respect to SU35, higher values ranging between 20 and 40 SU35 

days per year are found across the valleys with the highest values found in the western 

subregion. There is no increasing tendency for the 2049 simulation but SU35 numbers 

increase by 30 or even 50 days per year in the 2097 simulation. 
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Figure 2-4. D0, SU25 and SU35 and associated rates of change thematic layers as derived 
from the very high-resolution 1 × 1-km WRFMPI RCP8.5 hourly simulations for selected 
representative recent-past (2000), mid-term future (2049) and long-term future (2097) 
years in the DDR.  

Figure 2-5 shows the results after applying the local grapevine varietal phenological model 

to the WRF-MPI simulations. It can be observed that the earliest budburst dates, with 

values as low as 61 (March 1st) for the western subregion or 66 (March 6th) for the central 

and western regions, are associated with lower elevations with greater areal extension in 

the western subregion. The 2049 simulation shows a delay of the budburst reflecting less 

favourable conditions for this phenological stage than those present in the 2000 simulation. 

However, the 2097 simulation indicates advancements in the order of 10 or 20 days 

associated mostly with the higher elevations. Véraison has mean values of 206 (July 24th) 

for the western and eastern subregions and 210 (July 28th) for the central one. The 2049 

simulation is associated with no or little advancement (up to 10 days) for this phenological 

stage. However, a clear advancement of between 10 and 30 days for véraison is observed 

in the 2097 simulation, with the highest advancement rates associated with the highest 

elevations. Finally, both the 2049 and the 2097 simulations indicate a shortening of the 

duration of the budburst to véraison growing cycle ranging between 5 and 25 fewer days 

across the DDR. The specific rates of change between the 2000 recent-past simulation and 
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the 2049 and the 2097 future ones for the grapevine areas present in the DDR as derived 

from the CORINE 2006 dataset for FD0, SU25, SU35, budburst, véraison and the length of 

the grapevine growing cycle between budburst and véraison can be found in Figure 2-6. 

 

Figure 2-5. Budburst, véraison to véraison grapevine growing-season length and associated 
rates of change thematic layers as derived from the very high-resolution 1 × 1-km WRF-MPI 
RCP8.5 hourly simulations for selected representative recent-past (2000), mid-term future 
(2049) and long-term future (2097) years in the DDR. 
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Figure 2-6. Probability distributions of changes in FD0, SU25, SU35, budburst, véraison and 
budburst to véraison period as derived for mapped CORINE 2006 vineyard areas in the DDR. 
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Figure 2-7 illustrates mean April to October GST, April to October GSP and WI thematic 

layers derived from the selected representative WRF-MPI recent-past (2000), mid-term 

future (2049) and long-term future (2097) simulations. For the year 2000 recent-past 

simulation, most cell values within the DDR are associated with the temperate and warm 

class, with some occurrence of the intermediate class for GST, rainfall values between 200 

and 400 mm for GSP, and a diverse set of WI regions present ranging from Ib to V. The 

higher GST values and WI regions are associated with the lower elevations across the Douro 

River valley and its tributaries also increasing their presence as they are more distant from 

the Atlantic influence towards the east. The GSP spatial pattern results both from the yearly 

storm distribution and the variable topographical characteristics present in the area. 

 

Figure 2-7. Grapevine mean GST, GSP and WI thematic layers derived from very high-
resolution 1 × 1-km WRF-MPI RCP8.5 hourly simulations for selected representative recent-
past (2000), mid-term future (2049) and long-term future (2097) years in the DDR. 
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For the year 2049 mid-term simulation, GST intermediate conditions decrease their 

presence whereas warm conditions become more frequent; there is an increase of cells 

with only 100–200 mm of GSP, and WI regions Ib and II reduce their area at the same time 

as IV and V increase their coverage. 

Finally, the year 2097 long-term MPI-WRF future simulation indicates the disappearance of 

temperate conditions which are substituted either by warm or very warm areas; GSP values 

fall below 200 mm with about half of the cells having only 100 mm or less, and there is a 

continuation of WI diversity loss towards the warmer end, with only regions IV and V being 

present and extensive areas considered as too warm for wine production. 

 

Figure 2-8. HI, CI and DI thematic layers derived from very high-resolution 1 × 1-km WRF-
MPI RCP8.5 hourly simulations for selected representative recent-past (2000), mid-term 
future (2049) and long-term future (2097) years in the DDR. 

Figure 2-8 illustrates the HI, DI and CI thematic layers derived from WRF-MPI simulations 

for recent-past (2000), mid-term future (2049) and long-term future (2097) years in the 

DDR. For the year 2000 recent-past simulation, most cell values within the DDR are 

associated with the temperate, temperate-warm and warm classes, with the presence of 

the cooler classes at higher elevations. DI ranges between the moderately dry and the sub-

humid classes, with the drier areas associated with topographical valley lows and the 
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absence of storms. CI is also represented almost exclusively by the very cool and cool night 

classes, with higher values associated with lower elevations especially in the Douro 

Superior subregion. For the year 2049 mid-term future simulation, HI temperate conditions 

are reduced in area whereas the temperate-warm and warm classes become more 

frequent; DI continues to range between moderately dry and sub-humid classes depending 

on topography and annual storm coverage, and there is a marked shift in CI from very cool 

or cool night conditions to temperate or warm night conditions. 

Finally, the year 2097 long-term MPI-WRF future simulation indicates the disappearance of 

the temperate and temperate-warm conditions which are substituted by either warm or 

very warm areas; DI undergoes a marked shift to very dry conditions at the lower elevations 

in the central and eastern subregions, and there is an increase of CI warm night areas 

mainly associated with topographical lows. 

In Figure 2-9, sets of probability density function graphs for the grapevine mean GST, GSP, 

WI, HI, DI and CI are shown as derived for the mapped vineyard areas present in the DDR, 

which were identified by overlaying the Portuguese CORINE 2006 land-use map over the 

very high-resolution 1 × 1-km WRF-MPI-based thematic layers. Clear shifts towards warmer 

and drier conditions are observed, as previously commented on for all the land included 

within the DDR limits. These shifts become more pronounced from the mid-term 2049 

simulation to the long-term future 2097, except for CI which changes abruptly in the mid-

term future. 
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Figure 2-9. GST, GSP, WI, HI, DI and CI probability distributions as derived for mapped 
CORINE 2006 vineyard areas in the DDR. 
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2.5 CONCLUSIONS 

The WRF-ERA 1986–2005 simulations for the DDR satisfactorily compare with April to 

October GST estimates based on the daily E-OBS dataset. The application of a specific local 

grapevine varietal phenological model to derive phenological stages from the WRF-ERA 

daily simulations also gives satisfactory results when the elevational differences between 

the WRF cells and the phenological observational site are also considered. When a 4D 1 × 

1-km configuration is used for selected warm GST years, the simulated phenological dates 

closely resemble those reported in the DDR: a simulated mean value of the 83rd Julian 

calendar day for budburst, and the 207th Julian calendar day for véraison against observed 

values of 84th and 201st for budburst and véraison, respectively, for the specific Tinta Roriz-

Touriga Franca thermal requirements adopted in this work. The year-2000 1 × 1-km 

dynamically downscaled WRF-MPI simulations also resulted in a closer agreement with the 

values of the viticultural bioclimatic indices and climate parameters estimated for the area 

by other studies such as those of Climaco et al. (2012) or Jones and Alves (2012). 

Despite the limitations of the 9 × 9-km WRF-ERA simulations to reproduce the viticultural 

climate of an area of complex topography such as the DDR, it is still possible to select a 

representative cell or group of cells (e.g. the eastern subregion) to relate the 1986–2005 

recent-past climate to vintage yield and Port wine vintage rating records in the area. Results 

confirm previous studies on the positive correlation between higher growing-season heat 

accumulation and greater vintage yields. Correlations found by using a thermal 

phenological model are often higher than those using conventional calendar-based 

monthly phenological divisions. Therefore, the phenological modelling also provided 

insight to understand the interactions between surface atmospheric conditions and vintage 

yield and quality in the DDR. 

In general, the WRF-MPI very-high 1 × 1-km resolution simulations show an important 

increase in summer days (SU25) and very hot days (SU35) and an important reduction in 

frost days (FD0). These variations in climate extreme indices could relate to a higher 

incidence of heatwaves and fewer chilling units during dormancy and could pose a threat 

to maintenance of vintage quality. The simulations also illustrate an important 

advancement in phenology and shortening of the budburst to véraison period which could 

also expose the berries to warmer atmospheric conditions. Concerning bioclimatic 

parameters and indices, there is an increase in the average temperature during the 
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vegetative period of the grapevine, and a concurrent decrease in GSP, with the greatest 

changes taking place in the second half of the 21st century. WI is typical of values associated 

with the production of high-quality wines in the recent past. However, the future WRF-MPI 

climate scenarios show a decrease in the diversity of WI regions towards warm or very 

warm areas associated with the intensive production of wines of intermediate quality, 

especially by the end of the century. HI also exhibits a potential change from temperate or 

temperate-warm conditions to warm or very warm conditions although this transition is 

more gradual than in the WI case. In the recent past, CI was associated mainly with very 

cool night conditions which are commonly related to the production of quality wines, but 

from the mid-term future scenario there is also a marked shift to temperate night 

conditions, reaching even warm night conditions for several areas at the end of the century. 

Finally, DI associates with a similar range of values between the moderately dry and the 

sub-humid class during the recent-past and mid-term future simulations, with results 

apparently associated mainly with the varied topography of the DDR and storm coverage. 

However, there is a considerable increase in water stress, which is already considered high 

under the present climate, at the end of the century. 

The used methodology provides evidence for future strategies aimed to preserve the high-

quality wines in the region and their typicality as it presents the current and future broad 

picture for the selected climate parameters, bioclimatic and extreme indices in the DDR 

using conventional standards accepted worldwide. Coupling of climate simulations with 

dynamic crop models capable to simulate grapevine growth while integrating plant 

phenotype, soil profiles, weather data, CO2 effects, and management options, has been 

applied at the European scale (Fraga et al., 2016). Other studies such as those of Santos et 

al. (2018) and Fraga et al. (2019) consider bioclimatic indices that incorporate non-linear 

plant-temperature relationships (e.g. chilling portions or growing degree hours). Whereas 

these methods have great potential to provide more physiologically consistent results, 

their application in viticulture is still relatively scarce, and there is still a considerable need 

to validate calibration data, assumptions and results concerning Portuguese grapevine 

varieties and their growing conditions.  

These results do not necessarily imply a dramatic decrease of viticultural suitability in the 

DDR in the mid-term and long-term future scenarios, as adaptive measures can be taken 

and are already being taken by the grapevine growers in the area, and there is also a 
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constant evolution of wine consumer preferences (van Leeuwen et al., 2013). In this sense, 

several actions can be proposed to preserve as much as possible the DDR wine typicity, 

taking current state-of-the-art knowledge (Fraga et al., 2017; Hannah et al., 2013; van 

Leeuwen and Darriet, 2016) and previous works done in the study area (e.g. Jones and 

Alves, 2012) in a compromise to balance as much as possible economic, environmental and 

social costs. Short-term adaptations to increased temperatures and water deficits include 

the selection of suitable rootstocks, and late-ripening clones or varieties. Adapted training 

systems (e.g. gobelet), and canopy management (e.g. late pruning, reduced hedging and 

leaf pulling) can be applied to reduce water consumption, delay phenology or limit solar 

exposure too. Soil management can also be considered to increase the soil water holding 

capacity (SWHC) to promote a higher replenishment of the soil water storage by winter 

rains and growing-season storms. When there is need of irrigation, precise strategies such 

as deficit irrigation should be considered. It is also possible to relocate the vineyards in the 

long term to cooler sites such as higher elevations or areas with lower solar exposures or 

closer to the sea. These relocations should also be carefully planned in order to maintain 

as much as possible freshwater resources and natural habitats. 
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3 ASSESSMENT OF TROPOSPHERIC OZONE PHYTOTOXIC EFFECTS ON THE GRAPEVINE (VITIS VINIFERA L.): A 

REVIEW 

This chapter was published as:  

Blanco-Ward, D., Ribeiro, A., Paoletti, E., Miranda, A., 2021. Assessment of tropospheric ozone 

phytotoxic effects on the grapevine (Vitis vinifera L.): a review. Atmos. Environ. 244. 

https://doi.org/https://doi.org/10.1016/j.atmosenv.2020.117924  

I mainly contributed with the download and postprocessing of data from the Norwegian 

Meteorological Institute and the Tropospheric Ozone Assessment Report (TOAR) and the 

literature review. I was also responsible for the writing of the paper.  

Abstract 

The grapevine (Vitis vinifera L.) is a crop with great cultural, economic and ecological 

relevance for Mediterranean environments besides being the fruit crop with largest 

acreage and economic value at the global scale. Its exposure to high levels of tropospheric 

ozone (O3) can result in phytotoxic effects and thus it is important to comprehensively re-

evaluate these effects as well as related processes. A review of the validity and limitations 

of the standards used for the protection of vegetation in relation to ambient O3, the state-

of the-art knowledge on O3 phytotoxic effects on the grapevine and the available means to 

assess its impact are presented and discussed. It is concluded that wide regions in the 

world, mainly between latitudes 30° and 50° N, where the grapevine has been traditionally 

cultivated, are exposed to O3 concentrations that can affect both the yield and quality of 

the grape. Recently reported studies for global cultivars such as Cabernet Sauvignon or 

Merlot, along publicly available maps on O3 standards to protect vegetation at the 

European and global scale, indicate potential yield reductions in the range of 20-31% and 

the quality of the grape can also be affected by reductions of total polyphenols in the range 

of 15-23% for these areas. Although a tendency to reduce ambient O3 levels has been 

registered since 2000 in the western European Mediterranean basin, the flux of O3 into the 

grapevine leaves could still exceed critical levels with phenological advancement driven by 

the increase of temperatures or interaction between O3 and other climatic variables such 

as drought or high summer light intensities. Higher O3 exposures are reported in western 

United States of America and eastern China, with this last region maintaining an increasing 

https://doi.org/https:/doi.org/10.1016/j.atmosenv.2020.117924
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tendency in summer ambient O3 levels. It is still necessary to adopt common experimental 

and monitoring protocols to establish grapevine specific O3 relationships and critical levels, 

as there is not yet a coherent and shared database for detailed risk assessment for this 

crop. 

 

3.1 INTRODUCTION 

Surface ozone (O3) is produced in the troposphere by the catalytic reactions of nitrogen 

oxides (NOx) with carbon monoxide (CO) and volatile organic compounds (VOC) in the 

presence of sunlight (Monks et al., 2015; Seinfeld and Pandis, 1998; The Royal Society, 

2008). O3 at low concentration is a normal component of the troposphere, but background 

levels have increased globally since pre-industrial times reaching current average 

concentrations ranging from 20 to 45 ppb (Booker et al., 2009; Krupa et al., 2000; Monks 

et al., 2015). Exposure to ambient O3 can cause adverse effects corroding materials, 

damaging the respiratory systems of humans and animals and altering several physiological 

processes in vegetation (Mauzerall and Wang, 2001; The Royal Society, 2008). O3 was first 

identified as a phytotoxic pollutant back in the late fifties in relation to foliar injury in 

vineyards and tobacco (Richards and Taylor, 1965). By the early sixties, O3 was known as 

the main air pollutant affecting crops at some locations (Dairies et al., 1982). By the 

beginning of this century it became evident that O3 is by far the most important phytotoxic 

air pollutant worldwide (Krupa et al., 2000) causing foliar injury and reduction in growth, 

yield and quality on many agronomic and horticultural crops (Booker et al., 2009), 

deciduous trees and conifers (Matyssek and Innes, 1999; Skarby et al., 1998), seminatural 

(Bassin et al., 2007; Volk et al., 2006) and natural vegetation communities (Pfleeger et al., 

2010).  

Yield loss due to ambient O3 in the United States of America (USA) based on the large-scale 

experimental studies conducted in the 1980s at the National Crop Loss Assessment 

Network (NCLAN) was estimated to be about 10% for one third of the crops (EPA, 1996). In 

Europe, data driven from the European-Top Chamber Programme in the nineties suggested 

a reduction on wheat yield greater than 5% (Mauzerall and Wang, 2001). O3 damage has 

also been observed in Asia across China, India and Pakistan for important crops such as 

wheat, rice and legumes with estimated yield losses ranging from 3% up to 65%, and the 
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scale of the problem in Asia could have been underestimated through the use of North 

American derived exposure-response relationships  (Emberson et al., 2009). By using 

exposure-response relationships derived from open-top-chambers (OTC) in China, annual 

yield reductions for rice and wheat have been estimated to be in the order of 8% and 6% 

respectively (Feng et al., 2019). Global estimates of reduction in yield at the beginning of 

the century performed by means of modelling O3 concentrations and concentration-

response functions for three different staple crops were in the order of 8.5-14% for 

soybean, 3.9-15% for wheat and 2.2-5.5% for maize with total crop production losses 

between 79-121 million metric tons worth $11-18 billion USD2000 (Avnery et al., 2011a).  

A global study presented by the Tropospheric Ozone Assessment Report (TOAR) concerning 

present-day O3 exposures and trends relevant to vegetation mentioned important 

reductions over 1995-2014 in North America and Europe and significant increases in East 

Asia, whereas Europe had the lower present summer ambient O3 exposures and East Asia 

the highest (Mills et al., 2018). These figures are relevant as the global population is 

expected to grow from 6 to 9 billion between 2000 and 2050 and O3-precursors are 

expected to increase in developing countries with a global impact due to transport between 

continents (Fiore et al., 2009). As surface O3 concentrations are also expected to increase 

in many regions until 2050, even in the case that current legislation is implemented, O3 

could become a threat to global food security in the same order of magnitude as climate 

change (The Royal Society, 2008). Moreover, and despite a reduction on O3 exposure under 

RCP2.6 and RCP4.5 scenarios, critical O3 levels for the protection of forests and crops have 

been estimated to be exceeded in many areas of the northern hemisphere by 2100 and 

they could be much more exceeded under RCP8.5 (Sicard et al., 2017). 

In European Mediterranean regions, in particular, weak levels of anti-cyclonic subsidence, 

low winds, and strong insulation with development of mesoscale processes and 

recirculation within air masses are frequent during the summer (Millan et al., 2000). These 

conditions favour the photochemical production of O3, and ambient concentrations can be 

high enough to have phytotoxic effects. Several biomonitoring studies and field 

observations have indicated that O3 injury is widespread on numerous crops (Hayes et al., 

2007) and forests  (Paoletti et al., 2019) grown in the European Mediterranean region. As 

such, visible injury has been reported on 24 agricultural and horticultural sensitive crops 

species in commercial fields with effects noticed on wide areas of thousands of square 
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kilometres during some O3 episodes for crops, such as watermelon in north-eastern Spain 

or, on a more local scale, producing near 100% of crop loss for sensitive horticultural 

species such as lettuce or chicory (Fumagalli et al., 2001; Hayes et al., 2007; Pleijel, 2000). 

Wheat, maize and grapevine, which represent over one-third of the agricultural areas of 

Italy, Spain and Greece, are some of the crops where visible damage has been reported 

(Fumagalli et al., 2001).  

A review study concerning tropospheric O3 measurements representative of 

Mediterranean Southern Europe described an increasing trend in concentrations until the 

1970s-1980s followed by a trend rate decrease since the 1990s, and identified that these 

concentrations were related with photochemical local production, transport of O3 and its 

precursors, intrusion from the stratosphere and transport of mineral dust from the Saharan 

desert which could also be affected by climate change (Cristofanelli and Bonasoni, 2009). 

A later study based on hourly O3 data from 214 stations from the Air quality database of 

the European Environment Agency (EEA) demonstrated that there has been an average 

decrease of 0.43% per year in rural stations in the Western European Mediterranean basin 

over the time period 2000-2010 and that this trend could be associated to O3 precursor’s 

emissions control measures, but it also warned that an increase of temperatures and dry 

weather could reduce the observed trend and that further studies are still required to take 

into account the role of climate change in the actual trends of ambient O3 concentrations 

in this region (Sicard et al., 2013). An evaluation of the effects of climate and emission 

changes on air quality over Europe, for the 2030s and 2050s, pointed out that the levels of 

O3 could decrease over the South of France, Italy, Spain and Greece in the 2030s benefiting 

from the European precursors’ emission reduction policies. However, the changes in 

meteorological fields, as the increase in temperatures, and the influences of long-range 

transport, could significantly offset the benefits of reducing emissions in the 2050s 

(Lacressonnière et al., 2014). The impact of a +3°C increase of temperature under the  

RCP8.5 scenario, which would correspond to the intended nationally determined 

contributions to reduce greenhouse emissions before The Paris 2015 climate conference, 

could annihilate the benefits of emission reduction policies with a number of O3 

exceedance days over the World Health Organization threshold (maximum daily 8-h 

average O3 concentrations - MDA8 > 50 ppb) reaching 100 per year over the Mediterranean 
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Sea and adjacent areas along the 2040-2069 period and strongly affecting both human 

health and vegetation (Fortems-Cheiney et al., 2017).  

The main purpose of this paper is to assess to what extent the current and future surface 

O3 scenarios might be of relevance for a crop such as the grapevine, which has immense 

cultural, economic and ecological importance within the Mediterranean basin besides 

being the fruit crop with the largest acreage and highest economic value globally (Ponti et 

al., 2018). There is already a good number of studies in relation with climate change as a 

potential threat to wine production and typicity in these areas (e.g. Blanco‐Ward et al., 

2019; Fraga et al., 2016; Mira de Orduña, 2010; van Leeuwen and Darriet, 2016), but there 

is still a lack of studies addressing the potential effects of changes in the meteorological 

fields, drought or carbon dioxide (CO2) atmospheric enrichment in relation to surface O3 

for this crop. To assess the relevance of ambient O3 in the context of climate change for the 

grapevine, this work first presents the main exposure indicators commonly used as 

standards to support decision making on O3 abatement policies against vegetation effects 

(Section 3.2). It continues reviewing what is the current knowledge concerning surface O3 

phytotoxic effects on the grapevine as noticed from observational or experimental studies 

including research gaps and prospects for future advancement (Section 3.3). Next, a section 

covering the modelling approaches that can be applied to assess the effects of O3 on 

vineyards is presented (Section 3.4). Based on the state-of-the-art knowledge presented in 

the previous sections, the relevance of O3 in the current and future surface O3 scenarios for 

the grapevine and current assessment limitations are discussed (Section 3.5). Finally, the 

main conclusions from this work are highlighted (Section 3.6). 

3.2 POLICY ORIENTED STANDARDS FOR VEGETATION 

3.2.1 European and CLRTAP standards 

The United Nations Economic Commission for Europe (UNECE) Convention on Long-Range 

Transboundary Air Pollution (CLRTAP) has extensively used the parameter AOT40 

(Accumulated O3 concentration over a Threshold of 40 ppb) to support decision making on 

pollution abatement policies (CLRTAP, 2017a). Its mathematical expression follows: 

𝐴𝑂𝑇40 = ∑ (0; 𝐶𝑐 − 40)∆𝑡
𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑖𝑜𝑑

  (1) 
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Cc is the hourly mean O3 concentration (in ppb) in a time interval, ∆𝑡, which is set to an 

hour. This parameter has also been adopted by the European legislation in the Directive 

2008/50/EC although there are differences regarding its use. According to this directive, 

the AOT40 is estimated using hourly O3 concentrations values measured or modelled 

between 8:00 and 20:00 CET (Central European Time). The accumulation period is different 

for crops (May 1st – July 31st) and forests (April 1st – September 30th). According to the 

CLRATP, the index should be calculated for daylight hours (global radiation > 50 W m-2) 

during the growth season of the vegetation species studied at canopy height (De Andrés et 

al., 2012). 

Cumulative exposure-based critical levels (CLec) were first defined in the CLRTAP 

Gothenburg protocol, which came into force in 1997, as “the atmospheric concentrations 

of pollutants in the atmosphere above which adverse effects on receptors, such as human 

beings, plants, ecosystems or materials, may occur according to present knowledge” (The 

Royal Society, 2008). Extensive research was performed in the following years to set 

exposure-based critical levels (CLec) following the AOT40 exposure-based or level I 

approach for agricultural and horticultural crops (e.g. Fagnano et al., 2009; González-

Fernández et al., 2014; Mills et al., 2007), trees (e.g. Karlsson et al., 2003), and (semi-) 

natural vegetation. The effect to be considered on vegetation ranges from a 5% grain yield 

reduction for agricultural and horticultural crops to a 10% above-ground biomass reduction 

for annual dominated (semi-) natural vegetation. Whereas the European Union established 

an AOT40 target value of 9 ppm-h from May to July as a result of averaging five or three 

years of available data for all vegetation species and a stricter long-term AOT40 target value 

of 3 ppm-h, the UNECE CLRTAP distinguished different thresholds depending on vegetation 

type and observed effect on a yearly basis. Table 3.1 shows the different O3 critical levels 

considered for vegetation in Europe. Since 2005, only the critical level for horticultural 

crops has been revised (CLRTAP, 2017b). 

Table 3-1. Current exposure O3 standards for vegetation in Europe. 

Source Vegetation 
type 

Accumulation period Effect CLec (ppm-h) 

Directives 
2002/03/EC 
2008/50/EC 

Any type May-July  
8:00 – 20:00 CET 

Any 9 (5 - 3 years) 
3 (long-term 
target value) 
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UNECE 
CLRTAP, 2017 
 

Agricultural 3 months,  
daytime hours > 50 W 
m-2 

5% grain 
yield 
(based on 
wheat) 

3 (in a year) 

Horticultural 3-5 months,  
daytime hours > 50 W 
m-2 

5% fruit 
yield 
(based on 
tomato) 

8 (in a year) 

Annual- 
dominated 
(semi) –natural  
vegetation 

3 months (or growing 
season if shorter),  
daytime hours > 50 W 
m-2 

10% 
above-
ground 
biomass 

3 (in a year) 

Perennial- 
dominated 
(semi) –natural  
vegetation 

6 months,  
daytime hours > 50 W 
m-2 

5% total 
biomass 

5 (in a year) 

Trees Growing season  
(default: 6 months),  
daytime hours > 50 W 
m-2 

5% total 
biomass 
(based on 
beech and 
birch) 

5 (in a year) 

 

The cumulative exposure of level-I approach has been criticized, as it does not relate with 

the actual dose or flux of O3 entering the plant (Mills et al., 2011b). Moreover, in 

Mediterranean environments, it often overestimates the risk as the recommended 

thresholds are exceeded in these areas without proportional evidence of damaging effects 

on vegetation as one would expect of such exceedances (Cieslik, 2009; Ferretti et al., 2007). 

Reasons for this might include the avoidance/tolerance strategies and mechanisms/traits 

present in the Mediterranean vegetation, such as sclerophylly which promotes better 

stomatal control, low gas exchange rates, strong emission of volatile organic compounds 

(VOC) and capacity to minimize oxidative stress through primary antioxidants (Ferretti et 

al., 2007; Nali et al., 2004; Paoletti, 2006). 

To overcome these limitations, a flux-based or level-II approach was recommended as the 

preferred tool for risk assessment by the CLRTAP Convention since 2010 (Mills et al., 

2011b). This approach has a stronger biological basis as it estimates a Phytotoxic Ozone 

Dose (PODY) using the O3 stomatal uptake: the amount of O3 molecules that penetrate the 

leaf tissue through the stomata as a function of ambient O3 concentration and several other 

critical environmental parameters, such as temperature, vapour pressure deficit (VPD), 
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light, soil water potential and plant growth (phenological) stage (CLRTAP, 2017a).The PODY 

is defined as: 

𝑃𝑂𝐷𝑌 = ∑ (0; 𝐹𝑠𝑡 − 𝑌)∆𝑡
𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑖𝑜𝑑

  (2) 

Fst is the instantaneous flux of O3 through the stomatal pores per unit of projected leaf 

area (PLA). It refers specifically to the sunlit leaves at the top of the canopy. It is regarded 

as the hourly mean flux of O3 into the stomata. Y is the threshold stomatal flux per PLA. 

Both parameters have units of nmol m2 s-1. Critical levels based on stomatal flux (Clef) are 

then cumulative stomatal fluxes above which adverse effects may occur according to 

present knowledge. Therefore critical levels are currently defined in relation to vegetation 

as the “concentration, cumulative exposure or cumulative stomatal flux of atmospheric 

pollutants above which direct adverse effects on sensitive vegetation may occur to present 

knowledge” (CLRTAP, 2017b). 

Some examples of Clef can be found in Table 3.2. In this table, the term PODYAIM refers to 

a vegetation-type specific PODY requiring less input data and suitable for large-scale 

modelling, including integrated assessment modelling whereas PODYSPEC is a species or 

group of species-specific PODY requiring comprehensive input data and suitable for 

detailed risk assessment at any geographical scale up to the climatic or biogeographical 

region (CLRTAP, 2017a). As it happened with the exposure-based critical levels, stomatal 

flux-based O3 standards also vary depending on vegetation type, associated accumulation 

period, observed effect and assessment purpose (large-scale AIM or detailed SPEC 

assessment). For instance, it can be observed that a wheat POD6SPEC standard which has 

been derived for 4 wheat cultivars has a lower Clef value than a wheat based POD3AIM for 

the same observed effect (i.e. a 5% reduction in grain yield). The first standard is based on 

many specific observed stomatal flux dose-effect relationships (i.e. 36 data or points) 

observed within a given climate or biogeographical area (i.e. experiments which took place 

in Belgium, Italy, Finland and Sweden) whereas the second standard is based on simplified 

generic crop dose-effect accommodating for a lower Y threshold value being better suited 

for large-scale studies. In contrast with exposure based critical levels, there is a clearer 

distinction between specific crops (i.e. wheat, potato, tomato), with higher Y thresholds 

and lower flux-based critical levels, and semi-natural grasses or trees with lower thresholds 
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and larger flux-based critical values. AIM flux-based standards also involve lower Y 

thresholds and larger flux-based critical values than specific crop standards. 

Table 3-2. Current stomatal uptake O3 standards for vegetation in Europe (CLRTAP, 2017). 

Vegetation 
type 

Standard Accumulation 
period 

Effect Clef  (mmol m-2) 

Wheat POD6SPEC 200 °C days 
before anthesis to 
700 °C days after 
Anthesis 

 5% grain  
yield reduction 

1.3  

5% 1000 grain  
weight reduction 

1.5  

5% protein yield  
reduction 

2.0  

Potato POD6SPEC 1130 °C days 
starting at 
plant emergence 

5% tuber yield 
reduction 

3.8  

Tomato POD6SPEC 250 to 1500 °C days 
starting at planting 
in  
the field (at 4th true  
leaf stage) 

5% fruit yield 
reduction 

2.0  

5% fruit quality 
reduction 

3.8  

Temperate  
perennial  
grassland 

POD1SPEC 3 months from April 
1st  
to Sept 30th 
 

10% above-
ground biomass 
reduction  

10.2  

10% total 
biomass 
reduction 

16.2  

10% flower 
number 
reduction 

6.6  

Mediterranean 
annual pasture 

POD1SPEC 1.5 months from  
February 1st to June 
30th 

10% above-
ground biomass 
reduction 

16.9  

10% seed/flower 
biomass 
reduction 

10.8  

Beech and 
Birch 
 

POD1SPEC Growing season 4% whole tree 
biomass 
reduction 

5.2  

Norway spruce POD1SPEC Growing season 2% whole tree 
biomass 
reduction 

9.2  

Mediterranean 
deciduous oak 
trees 

POD1SPEC Growing season 4% whole tree 
biomass 
reduction 

14.0  
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4% root biomass 
reduction 

10.3  

Mediterranean 
evergreen 
trees 

POD1SPEC Growing season 4% above-
ground 
biomass 
reduction 

47.3  

Crops 
(Based on 
wheat) 

POD3IAM 90 days centred on 
the timing of mid-
anthesis (flowering) 
in wheat 

5% grain yield 
reduction 

7.9  

Non-
Mediterranean 
broadleaf 
trees 

POD1IAM The start and the 
end of the 
accumulation 
period is 
determined by a 
latitude model. 

4% whole tree 
biomass 
reduction 

5.7  

Mediterranean 
broadleaf 
trees 

POD1IAM 13.7  

 

From a research perspective, the Clef provides extremely useful information and it offers 

more realistic estimates of the actual O3 risk in Mediterranean environments at large scales 

under different scenarios. However, the Clef  approach implies the estimation of several 

variables (related to meteorology, atmospheric chemistry, canopy geometry, soil and plant 

physiology), which make difficult to quantify the total amount of error that propagates up 

to the final stomatal flux estimates, and therefore the uncertainty of the final value is 

considerable (Gerosa and Anfodillo, 2003). Moreover, it does not usually take into 

consideration yet detoxification processes (Musselman et al., 2006) nor the non-stomatal 

uptake, which accounts for 30-70% of the total O3 flux in Mediterranean environments 

leading to an overestimation of PODY (Gerosa et al., 2005). Another important 

disadvantage of using a Clef methodology concerns its complexity to be used for setting 

standards accessible to environmental agencies for regulatory purposes. These agencies 

would take more benefit of a more practical concentration-based approach and better 

suited for routine monitoring at national and/or sub-national scale if suitable experimental 

data, field assessment and monitoring data are available for different CLec for distinct parts 

of Europe (Ferretti et al., 2007; Paoletti and Manning, 2007).  

There is also a need of gaining consistency by linking different investigation levels (from the 

cell to the plant and the ecosystem level) and approaches (large-scale monitoring to 

chamber and free-air fumigation experiments) (Ferretti et al., 2007). In this regard, the 
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International Union of Forest Research Organisations (IUFRO), through its series of biennial 

conferences on Air Pollution and Forest Ecosystems, has also emphasized the relevance of 

performing multi-factorial studies to understand the complex interactions between 

climate, air pollution (with main focus on O3 and N deposition), and forests, at scales from 

single genes to the entire planet by making use of large-scale field data acquisition and 

long-term experiments utilizing Free-Air Controlled Exposure (FACE) systems to provide 

knowledge to managers, policymakers, and stakeholders (Sicard et al., 2016). For the 

Mediterranean region, there is also acknowledgement of the urgent need to implement 

common and coordinated research and experimental platforms along with wider and more 

representative environmental networks by groups of scientists both at the European (e.g. 

CAPERmed) and global scales (e.g. MEDECOS) with encouragement to participate more in 

large-scale initiatives such as the International Long Term Ecological Research (ILTER 

network) or the UNECE-CLRTAP International Cooperative Programme (ICP) with initiatives 

such as ICP-Forest, ICP-Vegetation and ICP-IM (Ochoa-Hueso et al., 2017). In relation to 

this, the networks to comply with EU regulation and the CLRTAP along experimental data 

collected in the framework of other European programs (LIFE, INTERREG, and H2020) 

distributed over Italy are already contributing with a high number of monitored parameters 

so that flux-based assessments are recommended as part of monitoring air pollution 

impacts on ecosystems in the revised EU National Emissions Ceilings Directive (NECD, 

2016/2284/EU) (De Marco et al., 2019). The project MOTTLES “MOnitoring ozone injury for 

seTTing new critical LEvelS”, is also a good example of using 17 long-term monitoring sites 

in France, Italy and Romania from main European networks involved in air-quality 

monitoring (MERA in France and ICP Forests in Italy and Romania) to assess the value of 

AOT40 and PODY metrics in association with forest-health indicators such as radial growth, 

crown defoliation and visible leaf O3 injury with this last indicator being better correlated 

with PODY and thus, being a good forest-health indicator of tree responses to O3 (Paoletti 

et al., 2019). 

3.2.2 US standards 

The W126 metric is used by the US Environmental Protection Agency (EPA) for assessing 

risk to vegetation from O3 exposure. It is defined as the sigmoidal weighted sum of all 

hourly O3 values observed during a specified daily and seasonal time window, where each 
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hourly O3 value is given a weigh that increases from zero to one with increasing O3 value. 

Its mathematical expression is given by: 

𝑊126 = ∑ (𝑤𝑖 𝑥 𝐶𝑖)∆𝑡
𝑡ℎ𝑟𝑒𝑒−𝑚𝑜𝑛𝑡ℎ 𝑝𝑒𝑟𝑖𝑜𝑑

 (3) 

Ci is the hourly mean O3 concentration (in ppb) in a time interval, ∆𝑡, which is set to an hour 

for a period from 8:00 AM to 8:00 PM local time each day. The weight, wi, is given by the 

following sigmoid function (US Federal Registry, 2015): 

𝑤𝑖 = 1/[1 + 𝑀 𝑥 exp(−𝐴 𝑥 𝐶𝑖/1000)]  (4) 

where M = 4403, A = 126, and where Ci is the hourly mean O3 concentration at the specified 

daytime hours (in pbb). Moving 3-month sums are calculated from the monthly index 

values, and the highest of these 3-month sums per year is determined as the annual W126 

index. The annual W126 index values are then averaged across each consecutive 3-year 

period to obtain the final W126 values with units in parts per million-hours (ppm-hrs) (US 

Federal Registry, 2015). Analyses of data from air quality monitors showed that attainment 

of an 8-hour standard of 70 ppb (0.07 ppm) averaged over three years would also keep the 

averaged W126 index below 17000 ppb-hrs. Thus, the US EPA established a secondary O3 

standard at the 70 ppb level to protect human welfare by improving protection for trees, 

plants, and ecosystems. This is the same as the primary standard for protection of human 

health. Primary standards provide public health protection, including protecting the health 

of "sensitive" populations such as asthmatics, children, and the elderly. Secondary 

standards provide public welfare protection, including protection against decreased 

visibility and damage to animals, crops, vegetation, and buildings (Lefohn et al., 2018; US 

Federal Registry, 2015). Table 3.3 offers an overview of standards and vegetation-based 

critical levels for O3 in USA. 

Table 3-3. Current exposure O3 standards for vegetation in USA. 

Source Vegetation type Accumulation period Effect CLec (ppb-hrs) 

US 
National 
Ambient 
Air Quality 
standards 
for 

Trees, plants and 
ecosystems 
(NAAQS_Ecosystems, 
public welfare 
secondary standard). 

W126, highest 
consecutive three 
months 

Any 17000 ppb-
hrs, 
three-year 
average 

Crops W126, highest 
consecutive three 

To prevent 
median 

15000 ppb-
hrs, 
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vegetation 
(NAAQS) 
 
 

(NAAQS_Crops 
secondary standard.) 

months 
 

crop loss 
from 
exceeding 
5% 

three-year 
average 

Tress, plants, and 
ecosystems 
(NAAQS_Injury, 
public welfare 
secondary standard). 

W126, highest 
consecutive three 
months 

To reduce 
foliar 
injury 
prevalence 

10000 ppb-
hrs, 
three-year 
average 

Trees  
(NAAQS_Trees, 
public welfare 
secondary standard). 

W126, highest 
consecutive three 
months 

To limit 
tree 
relative 
biomass 
loss to no 
greater 
than 2% 

7000 ppb-hrs, 
three-year 
average 

Vegetation type Accumulation period Effect CL (ppb) 

Tress, plants and 
ecosystems.  
Primary (public 
health protection) 
and Secondary 
(public welfare) 
standard. 

The 4th highest 8-h 
average 
concentration 
(MDA8) beginning 
from 7:00 AM to 
11:00 PM each day. 

Any 70 ppb, 
three-year 
average 

 

As in AOT40, W126 is vegetation type/species-specific, higher O3 levels have greater impact 

on vegetation, and the metrics are accumulated over specific time intervals and at 

particular times of the day to reflect the time-period when plants are most likely to absorb 

O3 (Lefohn et al., 2018). AOT40 and W126 can be strongly correlated but CLRTAP_CLs 

appear to be more stringent than the US National Ambient Air Quality standards for 

vegetation critical levels (NAAQS_CLs) from correlation studies performed at the global 

scale for the tropospheric O3 assessment report on vegetation (TOAR vegetation) with, for 

instance, the CLRTAP_CL_AOT40 wheat-based for crops of 3000 ppb-hr corresponding to a 

W126 of 2578 ppb-hrs (Mills et al., 2018). A similar observation has been provided by De 

Marco et al. (2010) who compared exceedance air quality standards in Italy and found that 

the higher protection (98.1%) of durum wheat sites was provided by the CLRTAP_CL_AOT40 

whereas the NAAQS_CLs_W126 for the protection of O3 sensitive species (7000 ppb-hrs) 

would protect a lower proportion of the sites (86.2%) when calculated over the April to 

June (A-J) durum wheat growing season. 
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3.2.3 Other metrics used at the global scale 

Within the context of TOAR vegetation, several exposure metrics are proposed with the 

purpose to better assess present-day tropospheric ambient O3 distribution and trends 

relevant to vegetation at a global scale. According to Lefohn et al. (2018), these are the 

following: 

1. An exposure metric that focus on the mid-range of hourly average O3 levels such as the 

daily 12-h (08:00–19:59h) average exposure metric (M12) (ppb). This exposure metric was 

also widely used in the past to characterize crop exposures and to establish crop-specific 

exposure–response relationships before it was realized that indices giving higher weight to 

the higher O3 levels, such as W126, better fitted the yield loss observations for the 

experiments conducted in the US. The M12 metric can be estimated for a 3-month period 

for wheat and rice, a 6-month period (or 7-month period where earlier starting growth 

cycles are required) for perennial crops (e.g. citrus or grape), or for a 12-month period for 

tropical or subtropical climate zones. 

2. Exposure metrics that weight the higher O3 levels and include mid-level values, like the 

W126 and AOT40, which are estimated for various months and daily time periods. AOT40 

metrics are also estimated for night-time conditions (clear sky radiation <5 W m–2 or sun 

elevation angle < -5 degrees). 

3. Exposure metrics that include O3 concentrations such as seasonal (i.e., December–

February, March–May, June–August, and September–November), percentiles (median, 

5th, 25th, 75th, 95th, 98th, and 99th) of hourly average O3. The units are ppb. Trends in 

each percentile by season can provide information on specific changes that occur within 

the O3 distribution. These changes can influence the magnitude of the exposure and 

stomatal uptake metrics. 

From a first assessment based on the use of M12, AOT40 and W126, it was recommended 

to continue to develop policy-relevant indicators or thresholds in countries and regions 

where these are not yet available, besides increased O3 monitoring at rural sites and the 

inclusion of meteorological data into the TOAR database. A more complete global 

assessment of O3 impacts on vegetation should also be conducted in the future, using an 

expanded TOAR dataset, including flux-based indices, namely in Asia, Africa and South and 

Central America, where datasets are scarce (Mills et al., 2018). 
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3.3 OZONE EFFECTS ON THE GRAPEVINE 

3.3.1 Historical development of present knowledge 

Notwithstanding the economic relevance of vineyards in the Mediterranean regions and 

for the global economy, there are no specific standards for this kind of vegetation. This 

section reviews published observational and experimental studies performed since the late 

fifties that provide evidence on the phytotoxic effects of ambient O3 on the grapevine, 

which can be used as a support for risk assessment studies and also to provide some 

guidance on further studies to move from scientific studies to policy-oriented standards.  

According to the early research of Richards et al. (1959), oxidant or O3 stipple was first 

reported on grapevines in San Bernardino Valley, Southern California, during the 1954 

summer. Field observations performed during the following years also identified other 

affected areas near Los Angeles and San Francisco. The typical primary foliar lesions were 

described then as small, brown to black dot-like lesions varying in diameter from about 0.1 

to 0.5 mm confined to group of cells in the upper leaf surface bounded by the smallest 

veins. The primary lesions can aggregate to larger lesions up to 2 mm in diameter, which 

are the ones that confer the typical stippled appearance of the leaves (Figure 3-1) whose 

size was usually small for most grapevine varieties present in the area but could be larger 

for a few of them. Field observations over 16 grapevine varieties revealed then that O3 had 

an effect starting early in the growing season on young but fully expanded leaves and 

accumulating progressively throughout the foliage season. Secondary symptoms resulting 

from a cumulative effect resulted in leaf yellowing and premature senescence. A selection 

of 12 cuttings of uniform leaf and plant size for 10 varieties where six of the replicates for 

each of the varieties were placed in a filtered-air glasshouse, and the other six in a 

glasshouse receiving unfiltered-air, revealed different percentages of leaf surface affected 

by oxidant stipple depending on variety. 
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Figure 3-1. Photos on the different levels of O3 stipple aggregation on grapevine leaves for a 

French American hybrid variety identified as ‘Vidal blanc’. McFadden-Smith, Wendy Author's 

(OMAFRA). © Queen's Printer for Ontario, 2018. 

Another experiment was performed by Thompson & Kats (1970) in a vineyard near 

Cucamonga, California, during two growing seasons in 1968 and 1969. 6 closed-top plastic 

greenhouses with charcoal-filtered air were compared with other 6 closed-top 

greenhouses with non-filtered air affected by photochemical smog which was known to 

contain peroxyacylnitrates (PAN), nitrogen dioxide (NO2), and O3 as the predominant 

pollutant. Each greenhouse contained four mature grapevines of the ‘Zinfandel’ variety. 

The experiment started in May 1968. After 14 weeks since the beginning of the treatment, 

the leaves of the grapevines of the charcoal-filtered treatment were much greener than 

those exposed to non-filtered air. A chlorophyll analysis revealed that the grapevines from 

the charcoal-filtered greenhouses had much higher chlorophyll concentrations. At harvest 

time, the fresh weight per berry, sugar content of juice, weight of pruning and yield of 

grapes per vine were also much higher in filtered ambient air conditions. Finally, in 1969, 

103 comparable grapevines were randomly selected, and separated into two groups of 50 

and 53 grapevines each. The group of 50 grapevines received three treatments throughout 

the growing season with N,N´-diphenyl-p-phenylenediamine (DPPD) increasing yield per 

vine by 20.3% on average at harvest season compared with the grapevines without DPPD 

treatment. It was thought then that DPPD could be a preventive antioxidant measure 

against photochemical smog. 

Brewer & Ashcroft (1983) performed a four-year field investigation on the effects of 

ambient photochemical oxidants on yield of grapevines of the ‘Thompson Seedless’ variety 

in the central San Joaquin valley in California over the growing season (mid-April to mid-

October) from 1979 to 1982. The experimental set-up consisted of eight large rectangular 
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open-top chambers divided into four charcoal-filtered air and four non-filtered air 

treatments. Each of the chambers contained three ten-year-old own-rooted irrigated 

grapevines. No differences were found in the first year of treatment showing the relevance 

of the previous season in terms of determining the grapevine crop potential. The second 

year was lost due to a severe mildew infection. Yield responses measured as total weight 

of the bunches through the rest of the seasons were 17% higher in the third treatment 

year, a high yield year, to over 28% in the fourth treatment, a low-yield year, than the 

respective yields of non-filtered chambers. Concerning number of bunches, the figures 

were 17% and 11% higher for the third and fourth seasons, respectively, indicating a higher 

effect of atmospheric pollution on bunch size than on bunch set. Other production 

parameters affected were less pruning (wood weight) and reduced fruit sugar content. The 

authors recognized the ‘Thompson Seedless’ grapevine variety as moderately vigorous but 

they had no reason to consider it more sensitive or more tolerant to photochemical 

oxidants than other table or wine grapevine varieties grown in the area. They estimated a 

mean negative impact of approximately 20% on yields on the crop as a whole for the east 

side of the San Joaquin valley.  

A review by  Weinstein (1984) on the effects of air pollution on grapevines highlights its 

classification as a deciduous perennial crop with capacity to maintain a high productivity 

rate over many decades as the most important characteristic in relation to its response to 

air pollution. The quantity and quality of fully expanded leaves, especially the basal leaves 

of the shoots, are crucial for the grapevine growth as they are the major source of sugar 

production. It must also be taken into account that the flower cluster primordia are 

developed during the year preceding cropping and therefore research cannot be confined 

to a single year. The pruning system and canopy management (e.g. trellising system) might 

be also important for experimental studies. Grapevines can have a considerable size and 

be quite vigorous and robust, making enclosures difficult and able to accommodate for one 

or two vines only. Other problems are the existence of ‘chamber-effects’ for long-term 

enclosures, and that the roots might spread over an area beyond the boundary of the 

enclosure which may result in differences in soil-water relationships inside and outside the 

chamber. Weinstein concluded its review stating that the research relating airborne 

phytotoxicants with grapevine yield and quality at the time was still inadequate and poorly 

understood. Chamber experiments could be useful to assess local effects but are 
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insufficient to build dose-response information that could be used in the assessment of risk 

of a crop that may be grown under other variables associated with dose. The observation 

of the extent of the foliar lesions had shown that there are varieties extremely susceptible 

whereas others had a great degree of tolerance, but there had not been studies relating 

the degree of foliage susceptibility with fruit yield. Moreover, little work had been done to 

understand how the effects of the ‘oxidant complex’ or ‘photochemical smog’ such as 

peroxyacylnitrates, aldehydes, ethylene etc., are associated with losses, either alone or in 

combination with O3.  

Using open-top chambers as described by the work of Brewer and Ashcroft (1983), Roper 

and Williams (1989) performed simultaneous measurements of net CO2 assimilation rate 

(A), stomatal conductance (gsto) and intercellular CO2 partial pressure (ci) on four year old 

grapevines, which were furrow-irrigated approximately every three-weeks at the 

University of California’s Kearney Agricultural Center. The experiment started on May 1987 

and measurements were taken on a representative day of the anthesis, véraison (berry 

softening), fruit growth and postharvest. The mean ambient O3 concentration from May to 

September was 46 ppb. The differences found on A between the ambient air and the 

charcoal-filtered treatments ranged between decreases of 5% at anthesis and 13.7% at 

véraison with an average decrease value of 8.4 % being only significant at véraison which 

coincided with the highest O3 daily means (52 ppb). It was uncertain whether this small 

reduction in A could be related with the reduction in yield previously reported by the work 

of Brewer and Ashcroft in 1983. They also found that the decrease of A throughout the 

growing season could not be related to O3 exposure as it followed a normal senescence 

and nitrogen (N) remobilization pattern. Leaf fall could not be attributable to O3 exposure 

either. Regarding carboxylation efficiency (A/ci), although the differences found were not 

significant, they ranged between a 0% and 12% increase with an average value of a 9% 

greater leaf photosynthesis figure for the vines grown in the filtered chambers. No 

differences were found in shoot growth parameters, bunch set, bunch weight, crop yield 

or fruit sugar accumulation between the filtered and non-filtered chambers. 

Roper and Williams (1989) also performed cuvette measurements taken on grapevine 

leaves under acute O3 concentrations. Results revealed that stomatal conductance (gsto) 

was significantly lower than controls after two hours of exposure to 200 ppb of O3 with 

intercellular CO2 partial pressure (ci) showing a similar decreasing behaviour. Higher O3 
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concentrations such as 600 ppb continued to reduce stomatal flux but ci behaved in an 

intermediate manner between the control leaves and those exposed to 200 ppb during the 

first 3 hours to reach similar values to those of the controls during the last two hours of the 

experiment. No significant differences were found in CO2 assimilation rate (A) between the 

control and the 200 ppb O3 acute exposure treatments, but there was a significant 

reduction after 90 minutes when the leaves were exposed to 600 ppb. The authors 

indicated the potential existence of an O3 air pollution threshold causing a significant 

reduction in A between 200 and 400 ppb. The dominant effect of O3 pollution would be on 

stomatal conductance with the probable existence of an O3 detoxifying mechanism, whose 

effectivity could depend on cultivar, where abscisic acid (ABA) would be produced as a 

response resulting in spatially heterogeneous stomatal closure and, ultimately, in 

grapevine leaf stipple. 

The first reported of O3 foliar stipple related to the grapevine in Europe corresponds to 

observations made in Tuscany, Italy, in summer 1983. O3 maxima were estimated to be 

around 100-120 ppb then and cultivar Trebbiano was characterized as most sensitive 

followed by Sangiovese, Malvasia and Canaiolo (Lorenzini et al., 1984). Only in the summer 

of 1991 the first reported field experiment was performed in a vineyard located in 

Frankonia, Germany, with 17-year old Traminer cultivar grafted on SO4 rootstocks. Two 

different parcels were sprayed every 6-12 days with different antioxidants: for one of the 

parcels ethylenediurea (EDU) was used whereas for the other one Benomyl was applied. 

For untreated plants, the mean percentage of damaged foliage exceeded 25% from the 

beginning of August and was presumed to have a significant adverse effect on yield, and 

carbon allocation in shoots and grapes. Histological sections performed on leaves revealed 

a collapse of palisade cells at the microscopic level. EDU-treated plants displayed a 

percentage of leaf damage around 5% whereas no damage was found in Benomyl treated 

plants (Tiedemann and Herrmann, 1992). 

Three years later, Soja et al. (2004) started a three-year open-top chamber experiment over 

Vitis vinifera cv. Welschriesling three-year old plants grafted on Kober 5BB rootstock under 

irrigated conditions 30 km south of Vienna, Eastern Austria. Four-treatments were 

compared: charcoal-filtered air, non-filtered air, non-filtered air +25 ppb of O3 (O-25) and 

non-filtered air +50 ppb of O3 (O-50). O3 fumigation (8 hr d-1, 5 days week) was performed 

from two weeks before anthesis (mid-May) until two weeks after harvest (mid-October). It 
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was found evidence of carry-over effects as expected in a perennial crop with non-

structural-monosaccharides concentrations in grape juice (glucose and fructose) being 

more sensitive to O3 exposure than plant yield. POD estimates were performed based on 

the multiplicative model described by Emberson et al. (2000b) and results were better 

correlated when a threshold (Y) of 6 nmol m-2 s-1 was used indicating some limitation for 

O3 detoxification above those levels. A POD6 critical level-II of 1.1 mmol m-2 was indicated 

to protect carbohydrate translocation to grapes and of 2.2 mmol m-2 for grape yield. For 

individual years, those critical levels increase to 2.3 mmolm-2 and 3.5 mmolm-2 respectively. 

However, the authors cautioned that the conclusions were based on minimally replicated 

experiments performed with one grapevine cultivar only at one site in Europe, grown under 

continental climate conditions , and it has also been pointed out that the POD uptake 

algorithm was not parameterised for local conditions (or evaluated against such 

parameterisation) with the exception of the maximum stomatal conductance of the studied 

grapevine cultivar (Mills and Emberson, 2003). As such, the POD6 critical levels derived by 

Soja et al. (2004) were not included at the time in the Modelling and Mapping Manual of 

the CLRTAP and this continues to be the situation nowadays (CLRTAP, 2017c).  

In an earlier publication, Soja et al. (1997) reported an exposure-based AOT40 critical level 

for a 10% reduction of grape monosaccharides of 11.5 ppm-h which increased to 21 ppm-

h during the first fumigation year. A single AOT40 critical level for a 10% reduction in yield 

of 27 ppm-h with similar values among consecutive fumigation years was also given. At that 

time, it was also noticed that the grapevine plants experienced enhanced leaf senescence, 

leading to reduced photosynthetically active green leaf area, and that the senescence 

effect was also more pronounced in the second fumigation year as observed by the 

decrease of photochemical capacity (Fv/Fm). The same experiment used by Soja et al. (1997, 

2004) also served the purpose to study the effects of increased O3 exposure on the leaf cell 

wall structure, morphology and anatomy of the Welschriesling grapevine cultivar by using 

morphometry, and light, fluorescence and electron microscopy (Ljubeši and Britvec, 2006). 

At the macroscopical level, it was found that the non-filtered air +25 and +50 ppb O3 

treatments were associated to thicker leaves whereas, at the microscopical level, the 

thickening was related to an increase of the size of palisade and spongy mesophyll cells. In 

association to the non-filtered air +50 ppb of O3 treatment, deposits of callose (a β-1, 3-

linked glucose polymer) were found  on the inner sides of the mesophyll cell walls causing 
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an overall increase of their thickness. As callose deposition separating injured cells from 

healthy ones had been described by Gravano et al. (2003) in Ailanthus altissima, and it was 

already known that there were chemical compounds (e.g. ascorbate, dehydroascorbate) 

and enzymes (e.g. peroxidases, glutathione-S-transferase) present in the aqueous matrix 

of these cell walls, it was concluded that thicker callose cell wall layers could act as a 

mechanical barrier against the spread of O3 into the cell protoplasm besides providing a 

more complete decomposition of O3. Small dense electron deposits near the mesophyll cell 

walls or large ones between the meshopyll cells were also considered signs of activated 

stress mechanisms.  

Still based on the same experimental setup reported by Soja et al. (1997, 2004), Britvec et 

al. (2001) reported that under slightly elevated concentrations (e.g. mid-May to September 

AOT40 of 2500 ppb-hr) a slight increase in number and size of plastoglobuly could be found 

in the chloroplats. This could be interpreted as a sign of changed or enhanced physiological 

activity leading to premature leaf ageing and accelerated senescence of leaves and, in 

agreement with the physiological measurements taken on the O3-exposed leaves, also as 

an indication that the photochemical processes taking place in the thylakoid membrane 

were less sensible to O3 compared to carboxylation taking place in the chloroplast stroma. 

As such, the thylakoid system was found still relatively well preserved under elevated O3 

O-25 concentrations (mid-May to September AOT40 13500 ppb-hr), but the O-50 leaves 

(mid-May to September AOT40 26900 ppb-hr) showed a disentegration of some 

chloroplasts and a reduction of chlorophyll  a, chlorophyll a + b and chlorophyll a + b : 

carotenoids ratio. The decrease in chlrophyll a was indicative of progressive injury of the 

photosynthetic apparatus whereas the observed decrease in the chlrophyll a + b : 

carotenoids ratio pointed to a stimulation of light dissipitation mechanisms in the 

chloroplasts by O3. Signs of O3 stipple were found only in the above ambient O-25 and O-

50 treatments. This work also served as a basis to a later field study along an expected 

ambient O3 gradient due to complex orography and air mass circulation in the Rijeka Bay 

(Croatia) reported by Alebic-Juretic et al. (2017) where it was found that a May to July 

AOT40 of 14030 ppb-hr could be related to changes in the concentrations of Chl a, Chl b 

and carotenoid contents due to possible damage by O3 which could also speed up the 

natural ageing of the grapevine leaves. 
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Another field study was previously performed in Romania by Popescu et al. (2012) 

comparing the physiological response of grapevines located in an urban site vineyard near 

a power plant, which was also affected by a large traffic volume, to that of grapevines of 

another vineyard located in a rural site 12 km west not being subject to atmospheric 

pollution. The study area is characterized by a temperate continental climate with mild 

winters and dry summers and the same type of soils (preluvosoils). The plant material 

consisted of V. vinifera L., cv. Merlot organically grown (no pesticides applied) under 

irrigation so that no water stress could be induced in none of the sites. The study protocol 

included four visits per phenological stage (blooming, shoot growth, véraison, ripening) 

from June to September to take in-situ air pollution (sulfur dioxide - SO2, NO2 and O3) and 

leave physiological measurements (net photosynthetic rate, transpiration rate, stomatal 

conductance). The urban site had constistently much higher values of pollutants than the 

rural site with June to September SO2, NO2 and O3 mean concentrations of 30.6 µg/m3, 25.0 

µg/m3 and 86.8 µg/m3 respectively, whereas the corresponding rural site values were 11.5 

µg/m3, 10.7 µg/m3, and 48.9 µg/m3. For both sites, SO2 and O3 reached their maxima (36.8 

µg/m3 and 105.4 µg/m3) during véraison (August) whereas NO2 reached it (29.4 µg/m3) 

during the ripening stage (September). It was found that the average physiological 

measurements for  each of the phenological stages had much lower values in the vicinity 

of the power plants with reductions as much as 98.8% in photosynthetic rate at véraison 

stage, 61.5% in transpiration at rippening and 75.4% in stomatal conductance at shoot 

growth when compared to the non-polluted rural site. The relationship between the 

individual levels of SO2 and O3 and photosynthesis and stomatal conductance was found to 

be significantly negative whilst NO2 had a greater impact on transpiration and stomatal 

conductance at the rural site. Foliar symtomps such as brown spots and necrosis appeared 

only at the urban site. 

Also focusing on leaf physiological measurements, a fumigation experiment was performed 

from the end of April to the beginning of October in two experimental greenhouses in La 

Peira, Valencia, Spain. Two cultivars extensively grown in Tierra de Barros, Extremadura, 

Spain, were selected for the experiment: cv. Parda grafted on 110R CL7 standard rootstock 

and cv. Tempranillo grafted on 100R CL180 certified rootstock. One of the greenhouses was 

submitted to filtered air whereas the other greenhouse was submitted to an O3 fumigation 

of 30 ppb over unfiltered ambient air. At the end of the experiment it was found that only 
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the Tempranillo cultivar had a significant decrease in A (22%) and gsto (21%) along a 

significant increase in ci (10%) under the O3 enriched conditions (AOT40 51804 ppb-hr) 

when compared to the plants in the control treatment (AOT40 119 ppb-hr). As the Parda 

cultivar did not show any significant alteration in those measured parameters, it was 

concluded that the Tempranillo cultivar was less O3 tolerant. No external signs of O3 

damage were reported in the leaves for the two varieties (Universidad de Extremadura, 

2007). 

Pellegrini et al. (2015) performed a fumigation experiment in the field-station of San Piero 

a Grado, Pisa, Italy, with two two-year old V. vinifera varieties extensively cultivated in 

central Italy: black-berried cv. Aleatico (ALE) and white-berried cv. Trebbiano giallo (TRE). 

The experiment was performed in a greenhouse fumigation facility in four Perspex boxes 

under controlled irrigation. Two of the boxes were ventilated with charcoal filtered air and 

the other two were fumigated from the end of May to the end of June 2012 (28 days) with 

O3 concentrations simulating the daily typical O3 profile in Tuscany, central Italy (80 ppb 

from 8:00-13:00h and 40 ppb from 13:00 to 18:00h). Both varieties showed leaf stipple at 

the end of the fumigation. Leaf anatomical and cell ultrastructure alterations indicative of 

oxidative processes associated with an apoplastic oxidative burst were found to be more 

pronounced in the ALE variety. It was also found that leaves with lower stomatal density, 

high values of leaf mass per area, high leaf thickness, and high constitutive photosynthetic 

capacity (e.g high values of maximum rate of Rubisco or carboxylation activity, Vcmax, and 

maximum rate of electron transport through the electron transport chain of chloroplasts, 

Jmax), such as those of the TRE variety, would be associated with a higher degree of 

acclimation to an oxidative environment. In both varieties, lower A was associated with the 

slow-down of the Calvin cycle mainly due to the loss of carboxylation efficiency. O3 also 

induced an alteration in CO2 assimilation both at low and high light intensity in both 

varieties with a greater decrease in photosynthetic activity at light saturation conditions 

(Amax) in the ALE variety. Because of the reduction in the photosynthetic capacity, 

fluorescence signals (e.g. the Fv/Fm ratio) can be used to estimate the inhibition or damage 

in the process of electron transfer in photosystem II (PSII).  A reversible decline of Fv/Fm 

was observed for both varieties, so it was associated to down-regulation rather than 

photodamage of PSII. 
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Photoinhibition can also be avoided by decreasing the absorption of light and/or 

consuming the excess excitation energy through non-photochemical mechanisms such as 

the activation of heat energy dissipation which can be associated with the de-epoxidation 

state (DEPS) of the xantophyll cycle pigments or the fraction of absorbed light (%D) that is 

thermally dissipated in the PSII antennae. In this sense, the work of Pellegrini et al. (2015) 

also discovered that the higher %D levels of the TRE cultivar could contribute to its lower 

sensitivity to oxidative stress. Under fumigation, both varieties underwent a decrease in 

total chlorophyll content, an increase of the chlorophyll a/b ratio and a reduction in β-

carotene and α-tocopherol contents through the day, which were associated with a 

rearrangement of the pigment composition of the photosynthetic apparatus that could in 

turn also be associated with an increase in DEPS. However, this re-organisation of the 

photosynthetic apparatus did not preserve the PSII photochemistry in the ALE variety as 

there was a net α-tocopherol net loss which could induce lipid peroxidation and cell 

damage. The reduction of β-carotene, lutein and α-tocopherol could also be triggered by 

the oxidative cleavage of carotenoids associated to the production of ABA. However, the 

ABA-dependent regulation of the stomata and water losses could not prevent water deficit 

for the ALE variety either, and the high levels of ABA were monitored only in the early 

afternoon for this variety. In contrast, the O3- treated leaves of the TRE variety had elevated 

levels of ABA during the light-period which could also stimulate the proline synthesis from 

glutamic acid to indirectly protect PSII, rise the water soluble contents of the leaves, and 

control CO2 uptake and transpiration through stomatal conductance. Overall, it was found 

that the TRE variety was less sensitive to oxidative stress because its morphological 

functional traits and acclimatory response of its photosynthetic machinery.  

Valletta et al. (2016) carried out another experiment over two Vitis vinifera cultivars, white 

grape Maturano and red grape San Giuseppe, which are also locally important 

autochthonous varieties in central Italy (Latium region). They compared control and 

fumigated plants (AOT40 was about 850 ppb-h per day) response during 10 days for gas 

exchange and chlorophyll fluorescence parameters (JIP test) and during 10 days after the 

treatment for chlorogenic acid (CGA) concentrations among other biochemical 

compounds. They found that the Maturano cultivar was more sensitive to O3 with early 

stomatal closure and decreasing of net photosynthesis after the first day of fumigation, 

whereas the San Giuseppe cultivar response on those two parameters was delayed until 
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the third day. Regarding the ratio between sub-stomatal and ambient CO2 concentration 

(Ci/Ca), Maturano showed an increase after the second day, which was more pronounced 

from the fourth day on except for the last day of fumigation when no differences were 

observed with the control plants. San Giuseppe had an opposite behaviour maintaining 

slightly lower differences with the control plants, which indicated that mesophyll 

photosynthetic capacity was not altered by the high O3 concentrations during the 

experiment, and that the gas exchange reduction observed in this cultivar is probably 

related to an O3 avoidance mechanism such as O3 induced stomatal closure. Whereas 

stomatal conductance and net photosynthesis were strongly coupled in San Giuseppe, 

there was a marked decoupling between these two physiological parameters in Maturano 

at the end of the experiment. The JIP test for the San Giuseppe cultivar also showed an 

increased photosystem I (PSI) activity after the third day of fumigation which could be 

related with an enhancement of the xanthophyll-cycle-controlled downregulation of PSII, 

the detoxification of reactive oxygen species (ROS) in the chloroplasts, and the supply of 

ATP, which also has a role in detoxification and repair processes. In contrast to the San 

Giuseppe variety, Maturano JIP results suggested the occurrence of structural damage of 

PSII reaction centres at the end of the fumigation. Finally, fumigation induced a decrease 

in chlorogenic acid (CGA) leaf content in both cultivars with a much earlier response in 

Maturano (after the first day of fumigation) than in San Giuseppe (only significant after the 

eight day of fumigation) with a recovery in both cultivars after eight days of the experiment 

end, especially in San Giuseppe. It is hypothesised that CGA is consumed as antioxidant or 

as precursor to other phenolic contents. At the end of the fumigation experiment, no 

difference was found on the extent of injury on affected leaves for the two varieties thus 

confirming visible O3 symptoms cannot be considered a reliable indicator for biomass and 

productivity losses for these varieties. 

An OTC experiment was performed by Geng et al. (2017) to submit one-year grapevines 

(cv. Cabernet Sauvignon) involving three levels of O3 concentrations (50, 100 and 150 ppb) 

and light intensities (800, 1200, and 1600 µmol m-2 s-1) in an experimental field located in 

a rural area of Shangdong Agriculture University, Tai’an, China. The grapevines were 

irrigated to avoid drought stress and fumigations lasted for 3-hr. 13 combinations among 

O3 concentrations and light intensities were selected by using response surface 

methodology and related to a commonly fluorescence parameter, Fv/Fm, which is used for 



Chapter 3 | Assessment of tropospheric ozone phytotoxic effects on the grapevine: a review.  
_________________________________________________________________________________ 

_________________________________________________________________________________ 
  
66 
 

plant stress detection affecting PSII. A decrease of Fv/Fm was found with increasing O3 and 

light intensity. It was suggested that strong light induced a surplus light energy and leaded 

to ROS accumulation, aggravating photoinhibition and O3 injury. For the new Chinese 

ambient O3 pollution standard, 93.46 ppb, which is usually exceeded in most polluted areas 

in China, Fv/Fm reached a critical value for a light intensity of 1600 µmol m-2 s-1. It was also 

reported that O3 susceptible varieties can show visible O3 injury symptoms in the field well 

below the critical O3 standard (e.g maxima values between 47-40 ppb and mean values of 

31-29 ppb) under long-term strong light exposures. (e.g. cvs FR 177-68, Beck memento and 

Frontenac). Another study combining light intensity and O3 concentration for the same 

grapevine cultivar (Cabernet Sauvignon) performed in the same OTC facility in China 

reported reductions on stomatal conductance, net photosynthetic rate and PSI and PS II 

photosystems activities after 13-hr treatments with high O3 concentrations (90 ppb) and 

light intensities ranging from low (10 µmol m-2 s-1), to intermediate (800 µmol m-2 s-1) and  

high (1600 µmol m-2 s-1), and that the leaves could not recover from damage under the 

most severe treatment (Xing et al., 2018).  

Recently, Decoteau et al. (2019) performed a five-year experiment exposing an O3-

susceptible French-American hybrid cultivar, Chambourcin, and an O3-tolerant French-

American hybrid cultivar, Vidal, to ambient air and charcoal-filtered air using OTC, in 

Pennsylvania, USA. The five years 12-hours per day (08:00-20:00h), from June to 

September, in the filtered treatment averaged 21 ppb of O3, whereas concentration in the 

non-filtered treatment averaged 34 ppb. The O3-susceptible cultivar Chambourcin had a 

mean of 5.28% leaf tissue injury for the five growing seasons when exposed to ambient O3, 

though leaf tissue injury for this cultivar was only 0.48% for the same period under the 

charcoal-filtered treatment. In contrast, the O3-tolerant Vidal cultivar averaged only 0.02% 

tissue injury for both treatments over the five seasons. Although there were significant 

variations on mean berry weight, juice pH, total acidity, and total sugars among the years 

for both cultivars, these could not be directly related to ambient O3. These results can be 

compared to previously reported data from a one-season study with 12-hours per day 

mean of 18 ppb of O3 in charcoal-filtered OTCs against 30 ppb in non-filtered OTCs. Under 

those conditions, the Chambourcin variety had 18% of their leaves injured whereas leaves 

injured in the clean-air treatment were less than 2%. Those figures for the O3-tolerant Vidal 

variety were less than 6% and 1%, respectively. Regarding fruit yield and quality, it was 
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found that ambient O3 decreased Vidal grapefruit size and increased juice total acidity 

(measured as titrable acidity, g/l tartaric acid) in both cultivars, whereas no effects were 

observed on juice pH or total sugar content (Booker et al., 2009). 

Another OTC experiment performed in northern Italy and reported by Fumagalli et al. 

(2019)  was focused on the effects of O3 on yield and grape quality parameters over adult 

Merlot cultivar. The experiment consisted of two filtered OTC chambers (FOTC) with 

capacity to reduce ambient O3 in 30%, and two unfiltered OTC chambers (UOTC) with each 

of the OTC chambers enclosing 4 grapevines. Other 8 grapevines were monitored externally 

in the field (E). The experiment took place from June to September 2011 and O3 

concentration was measured for the three treatments along with temperature and relative 

humidity allowing  to estimate AOT40 and POD0 for the three cases (AOT40 FOTC 2000, 

UOTC 6100, E 12300 ppb-hr; POD0 FOTC 21.4, UOTC 32.0, E 38.1 mmol m-2). Despite the 

experiment considered only one growing season, significant differences were noticed with 

higher O3 concentrations decreasing bunch weight (31.2%) as well as affecting several other 

chemical parameters related with grape must and later wine quality which can also be 

beneficial for human health such as polyphenol content. Specifically, the grapevines under 

external higher O3 concentration conditions had significantly lower contents of succrose 

(1.1%), total anthocyanins (8.5%), total polyphenols (14.8%), and total acidity (3.4%) but 

higher assimilable nitrogen (14.6%). 

Finally, Wang et al. (2020) reported another OTC fumigation experiment that was 

performed along 12 weeks with two hours 75 ppb O3 daily treatment, from 10:00 to 12:00, 

avoiding photosynthetic inhibition and heat stress, which was compared with a control 

treatment of 15-25 ppb O3. The experiment covered the grapefruit hardening, the véraison 

and the ripening phenological stages and was performed in the vineyard of Shandong 

Agricultural University, China, in 2017. The 75 ppb O3 treatment is close to the most 

pessimistic projections (80 ppb) on ambient O3 concentrations by the end of the century 

(Fiscus et al., 2005). It was found that O3 stress induced leaf damage (e.g. stipple and leaf 

ageing after the 4th week of treatment), chlorophyll and photosynthesis reduction also 

resulting in reduced shoot growth and a bunch weight reduction (20.5%) compared with 

the control treatment. Moreover, carbon and nitrogen content in leaves were significantly 

reduced being transferred mostly to roots as a form of survival strategy. The deficiency in 

the nutrition of carbon and nitrogen in the leaves was also observed in the fruits and could 
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be related with a reduced content of reducing sugars (32.4%) and soluble solids (33.1%) in 

the grapes. It was also hypothesized that the reduced carbohydrates contents in the 

stressed plants could also have affected the flavonoid biosynthesis pathway also inducing 

the observed reduction of tannins (57.7%), total phenols (22.5%), flavonoids (33.7%) and 

flavanols (11.7%) and an increase of titrable acidity (9.2%) of the grapes under the 

fumigation treatment. The measurements of chlorophyll fluorescence parameters, such as 

maximum fluorescence (Fm) and maximum P700 absorbance changes, indicated that PSII 

and PSI photosynthetic activity decreased under long term stress up to 57.1% and 31.7%, 

respectively, and that the leaf PSII and PSI energy distribution was altered increasing the 

degree of photoinhibition.  

A summary of the main findings related to ambient O3 effects on the grapevine concerning 

observational and experimental research performed since the late eighties as mentioned 

in this review can be found in Table 3-4. 

Table 3-4. Main findings of experimental work concerning ambient O3 effects on the 
grapevine. 

Leaf damage at the macroscopic level 

Plants experience enhanced leaf senescence, leading to reduced photosynthetically 
active green leaf area (Soja et al., 1997). High values of leaf area, thickness, mass per 
area along lower number of stomata per leaf surface unit can be correlated to a higher 
degree of tolerance (Pellegrini et al., 2015). Visible symptoms cannot be considered a 
reliable indicator for biomass and productivity losses (Valletta et al., 2016). 

Leaf damage at the microscopic level 

Leaf thickening after O3 fumigation is related to an increase of the size of palisade and 
spongy mesophyll cells. Deposits of callose found on the inner sides of the mesophyll cell 
walls cause an overall increase of their thickness. The thicker callose cell wall layers can 
promote a more complete decomposition of O3 acting as mechanical barrier and 
providing physiological protection by means of enzymes and antioxidant compounds 
(Ljubeši and Britvec, 2006). 

Photosynthesis and carbon assimilation 

O3 reduces stomatal conductance, net CO2 assimilation and carboxylation efficiency  
(Roper and Williams, 1989). It affects chlorophyll and carotenoids concentrations 
indicating stimulation of light dissipation mechanisms in the chloroplast or progressive 
injury of the photosynthesis apparatus leading to premature leaf ageing and accelerated 
senescence  (Britvec et al., 2001). The degree of tolerance to O3 stress can be related to 
slight genotypic differences in terms of constitutive photosynthetic capacity (e.g. high 
values of maximum rate of Rubisco or carboxylation activity, Vcmax, and maximum rate 
of electron transport through the electron transport chain of chloroplasts, Jmax) and the 
acclimatory response of photoprotective mechanisms (e.g. xantophyll cycle-dependent 
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energy dissipation, photorespiration and stomatal closure) (Pellegrini et al., 2015; 
Valletta et al., 2016). 

Biomass allocation and plant growth 

Carbon and nitrogen content in leaves can be significantly reduced being transferred 
mostly to roots as a form of survival strategy with an increase of the root:shoot ratio and 
an inhibition of the growth of the upland parts of the grapevine. The deficiency in the 
nutrition of carbon and nitrogen in the leaves can also be observed in the fruits (Wang 
et al., 2020). 

Defence, repair and detoxification processes 

The dominant effect of O3 pollution would be on stomatal conductance with the 
probable existence of an O3 detoxifying mechanism, whose effectivity could depend on 
cultivar, where abscisic acid (ABA) would be produced as a response resulting in stomatal 
closure (Roper and Williams, 1989). The re-organisation of the photosynthetic apparatus 
can also be related with oxidative cleavage of carotenoids leading to the production of 
ABA in order to control transpiration and diminish water losses and CO2 uptake. High 
levels of ABA can also stimulate proline synthesis to indirectly project PSII and modulate 
water relations (Pellegrini et al., 2015). Stimulation of light dissipation mechanisms, such 
as alternative transport pathways in relation to PSI activity, detoxify photochemically 
produced ROS in the chloroplasts and supply additional ATP for plant response, repair 
processes and detoxification (Valletta et al., 2016).  

Crop loss assessment studies: impact on yield and quality 

Non-structural-monosaccharides concentrations in grape juice (glucose and fructose) 
can be more sensitive to O3 exposure than plant yield (Soja et al., 2004, 1997). Ozone 
exposure can relate to a reduction in yield  and grape quality parameters such as 
contents of sucrose  (Fumagalli et al., 2019; Soja et al., 2004, 1997; Wang et al., 2020) 
and total polyphenols (Fumagalli et al., 2019; Wang et al., 2020). 

 

3.3.2 Research gaps and prospects for future research 

From the progressive understanding of the effects of O3 on the grapevine since the late 

fifties, it is possible to associate O3 exposure with visual effects on leaves such as necrosis, 

chlorosis, and early senescence under natural conditions in the field and controlled 

research experiments. The percentage of damage at the leaf level can vary considerably 

depending on grapevine variety. Although visual symptoms at the leaf level can be useful 

for detecting O3 damage, it has not been possible to make use of them as reliable indicators 

for biomass and productivity losses. This has been also a common situation with trees and 

forests, especially under field conditions where interpretation becomes more doubtful due 

to complex interactions between O3 and other environmental factors such as water or 

mineral availability of the soil (Jolivet et al., 2016). However, results from the LIFE MOTTLES 

project have recently indicated that visible foliar injury in light exposed sites was the best 
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forest-health indicator for O3 under field conditions when compared with radial growth or 

crown defoliation (Paoletti et al., 2019). As such, detailed quantitative observation of 

visible foliar injury could also still be of use as possible grapevine-health indicator for O3 if 

incorporated in an observational network comprising a range of cultivars and coexisting 

environmental conditions. 

The use of ecophysiological measurements such as leaf photosynthetic CO2 assimilation, 

stomatal conductance, plant water status and photosynthetic activity in combination with 

biochemical ones such ABA, proline and photosynthetic pigments contents have already 

proven to be effective means to assess grapevine response in relation to O3 exposure in 

controlled experiments and field conditions. They have also provided insight about the 

existence of slight genotypic differences in terms of constitutive photosynthetic capacity 

and acclimatory response of photoprotective mechanisms from different cultivars. There is 

also an incipient proposal concerning the use of biochemical indicators in relation to 

antioxidant detoxification processes such as the work of Valletta et al. (2016) in relation to 

CGA. However, there is a much wider and complex network composed by signalling 

compounds (e.g. ethylene, salicylic acid, jasmonic acid), antioxidant metabolites (e.g. 

polyphenols) and enzymes (e.g. superoxide dismutases, peroxidases) besides changes in 

the global gene expression that can be related with O3 plant detoxification capacity (Rai 

and Agrawal, 2012). Therefore, as it has been already pointed out by Jolivet et al. (2016) 

from a review of forestry cellular and molecular mechanisms impacted by O3, further work 

is still required to identify a reliable detoxification parameter to be integrated in models 

for better risk assessment, as currently it is only considered in the form of empirically 

derived thresholds providing stronger relationship with plant productivity or quality loss. 

In this regard, detailed metabolomic studies are more advanced concerning grapevine 

response to water stress as it has been already possible to apply metabolite-based 

modelling to predict physiological stress, as shown by the work of Griesser et al. (2015), or 

quantity differences in stress response between grapevine cultivars, as illustrated by 

Hochberg et al. (2013),  although it has been also acknowledged the need of further 

research to elucidate the genotype specific details of the physiological and molecular 

responses involved.  

Precisely, proper consideration should be given to the need to increase the number of 

studies addressing the combined effects of O3 with other concurrent climatic factors such 
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as drought or light intensity which could also act lowering or exceeding the detoxifying 

capacity of plants. In this sense, Geng et al. (2017) and Xing et al. (2018)  have already 

provided results suggesting that strong light induces a surplus light energy leading to ROS 

accumulation which aggravates photoinhibition and O3 injury in the grapevine for 

grapevine cv. Cabernet Sauvignon. The work of Biswas and Jiang (2011) has also 

demonstrated O3 tolerance can be completely lost under combined drought and O3 

exposure for a drought-sensitive winter wheat species. These results clearly indicate the 

need to pay more attention to these type of interactions for better assessment of the 

impact of current and future climates on vegetation. Some thought could also be given to 

the suitability of using midday gs measurements as surrogates for integrated dial O3 flux 

under water deficit (WD) conditions or where maximum O3 concentrations are not 

observed during midday. Even though their use can be justified as sensitive indicators of 

plant growth and developmental responses to O3 and WD, gs is subject to different 

regulatory processes at midday, where stomata are at quasi-steady state, than during 

periods of active opening or closing in early morning and evening. As such, an experimental 

study performed on an O3-sensitive cultivar of Pima cotton (Gossypium barbadense L.; cv. 

S-6), showed that leaf pigmentation and shoot biomass under well-watered conditions 

were well predicted by midday gs measurements as they varied in response to O3 and WD 

probably in relation to the dominance of dial gas exchange by larger values of gs and O3 

uptake at midday (Grantz et al., 2016). However, shoot parameters under WD, and root 

parameters under both well-watered (WW) and WD, were more related to gs in early 

morning, reflecting an earlier peak of gs under WD, and possible relationship between 

allocation to roots and responses to WD.  

Concerning policy standards, full controlled experiments like those performed in adapted 

glass or greenhouses are well suited to derive cause-effect relationships to quantify the 

physiological and biochemical plant response to different ambient O3 levels. However, it is 

difficult to extrapolate those results to field conditions. Field exposure systems, such as 

OTC, benefit from the possibility to control O3 level and fumigation timing allowing plants 

to develop under conditions close to those found in the field. OTC have also provided most 

of the data currently in use to derive O3 standards for vegetation protection in Europe. 

Nevertheless, data from OTC must be taken with caution as chamber effects can modify 

the plant response yielding frequently to over estimations (Bermejo Bermejo et al., 2009; 
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Fagnano et al., 2009). In fact, several OTC effects have been observed on grapevine leaves 

such as reduced CO2 assimilation, stomatal conductance, carbohydrate concentration, 

palisade parenchyma thickness, leaf mass per unit area and lower values of red/far-red 

ratio transmitted, whereas water use efficiency, Soil Plant Analysis Development (SPAD) 

chlorophyll readings and osmotic potential at full turgor were found to be higher. Effects 

have been also identified concerning mineral nutrition concentrations such an increase in 

N and Mg and a reduction of K concentration in OTC leaves along reductions in yield and 

biomass indices (e.g. Ravaz index) (Moutinho-Pereira et al., 2010). Finally, field experiments 

under natural conditions provide results easier to extrapolate to the real field conditions, 

but there is no control of the different environmental variables involved and, therefore, it 

is difficult to isolate causes and interpret correctly the results (Bermejo Bermejo et al., 

2009).  In this context, chamber less Free Air Controlled Exposure (FACE) systems are 

advantageous. An example of a FACE system which could be used to impulse research on 

O3 impacts on vegetation also allowing to investigate other stressors together with O3 is 

the Free air O3 eXposure system (FO3x) located in Florence, Italy, which is one of the few 

O3 FACEs currently available in the world, and the only one that is located in Mediterranean 

climate (Paoletti et al., 2017). 

3.4 MODELLING O3 PHYTOTOXIC RISK FOR THE GRAPEVINE 

In order to generate O3 critical level exceedance maps there is need to use data from 

atmospheric chemistry transport models or from monitoring networks. Atmospheric 

chemistry transport models can be classified according to their application scale as long-

range transport (LRT) models, which can be applied to global or continental scales with a 

resolution of tens of kilometres, or higher resolution models applied to national or regional 

scales. When these models are supported by adequate atmospheric emission inventories 

they can serve the purpose to analyse past, present and future climate change and 

atmospheric pollution scenarios whereas data from monitoring networks are mostly used 

for model validation, model data assimilation or local studies (CLRTAP, 2014). 

Among the long-range atmospheric chemical transport models, the photo-oxidant model 

of the European Monitoring and Evaluation Programme (EMEP) is aimed to simulate 

emissions, transport, transformation and removal of pollutants and is a key tool for 

European air pollution abatement strategy and legislation work. Concerning O3, level I 
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standards can be derived from cumulative exposure metrics whereas a coupled deposition 

model, the deposition of O3 for stomatal exchange model (DO3SE), allows for the derivation 

of level-II standards (Simpson et al., 2007). Following the formulations by Tuovinen et al. 

(2007), from a concentration of O3, c, taken from the lowest vertical grid point of the EMEP 

model with height zr of about 45 m, the total deposition flux can be estimated as follows: 

𝐹 =
𝑐 (𝑧𝑟)

𝑅𝑎(𝑧0+𝑑,𝑧𝑟)+𝑅𝑏+𝑅𝑠
    (5) 

where Ra (z0+d,zr) denotes the aerodynamic resistance between the heights z0+d and zr, z0 

is roughness length, d is zero-plane displacement, Rb is the canopy-scale quasi-laminar 

resistance and Rs is the bulk surface resistance including both a stomatal and a non-

stomatal resistance to O3 uptake or destruction by vegetation up-scaled from leaf to 

canopy. According to Emberson et al. (2000a) Rs can be calculated from the following 

expression: 

𝑅𝑠  =
1 

𝐿𝐴𝐼

𝑅𝑠𝑡𝑜
+ 

𝑆𝐴𝐼

𝑅𝑒𝑥𝑡
+ 

1

𝑅𝑖𝑛𝑐+𝑅𝑔𝑠

    (6) 

where, in turn, Rsto is the land-cover specific leaf/needle stomatal resistance to O3 uptake 

through the stomata, Rext is the resistance of the exterior plant parts, Rinc is the land-cover 

in-canopy resistance to transport of O3 through the canopy to lower parts of the canopy 

and the soil, Rgs is the soil resistance to O3 absorption or destruction at the ground by soil, 

litter, moss, LAI is leaf area index, and SAI is surface area index which is equal to LAI in the 

growing season and 1 when leaf material is not present. The non-stomatal resistance 

pathways to O3 deposition, Rgs, Rinc and Rext are derived from published data ensuring that 

estimated total land-cover surface resistances are broadly consistent with observations. 

The stomatal resistance is calculated from a multiplicative model which introduces 

sensitivity for plant species, phenology, climate and soils: 

1

𝑅𝑠𝑡𝑜
 = 𝑔𝑚𝑎𝑥 ∗  𝑔𝑎𝑔𝑒 ∗ max { 𝑔𝑚𝑖𝑛, (𝑔𝑙𝑖𝑔ℎ𝑡 ∗ 𝑔𝑡𝑒𝑚𝑝 ∗ 𝑔𝑣𝑝𝑑 ∗ 𝑔𝑠𝑤𝑝)}   (7) 

where gmax is the maximum stomatal conductance on a projected leaf/needle area basis 

(mmol O3 m-2 s−1), and the rest of gx factors range from 0-1 accounting for time of year or 

leaf age (gage), leaf-temperature (gtemp), leaf-to-air vapour-pressure deficit (gvpd), and soil-

water potential (gswp). The gmin factor ensures a minimum stomatal conductance consistent 

with observations. Further information on the parameterizations of each of the gx factors 
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can be found in Emberson et al. (2000a). The given DO3SE formulation is suitable for large-

scale deposition modelling (e.g. pan-European scale) where deposition is calculated 

independently for different land-cover classes weighted by their respective fractional 

coverage within a grid to estimate a net deposition rate. This approach has also been shown 

to perform relative well for several land-cover classes and plant species (Büker et al., 2007; 

Simpson et al., 2007; Tuovinen et al., 2004). The DO3SE-based Tuovinen et al. (2007) 

formulation also specifies that under the assumption of a constant O3 deposition flux, the 

O3 concentration at the canopy height, zh, can be estimated as: 

𝐶(𝑧ℎ) = [1 −
𝑅𝑎(𝑧ℎ,𝑧𝑟)

𝑅𝑎(𝑧0+𝑑,𝑧𝑟)+𝑅𝑏+𝑅𝑠
 ]𝑐(𝑧𝑟)   (8) 

From which a top-leaf stomatal flux can be estimated from: 

𝐹𝑠𝑡 = 𝑔𝑠𝑡𝑜𝑐(𝑧ℎ)     (9) 

Finally, POD can be estimated from equation 2. At this point it must be noted that the Fst 

values required for POD estimation represent maximum uptake by the upper-canopy sun-

lit leaves and not net uptake for a whole canopy. Therefore, POD is often estimated by 

parallel procedures such as tiny fractions of artificial plant species of plant communities 

(e.g. wheat, potato, beech, birch, temperate perennial grasslands etc.) for each model grid 

square where an indication of O3 phytotoxic risk is to be derived according to the CLRTAP 

POD-based standards introduced in Table 3-2. The parallel procedures also allow for 

refinement of species-dependent parameters (e.g. gmax, gmin, gage) or physiological-based 

parametrizations (e.g. glight, gtemp, gvpd, gswp), which are difficult to apply by large-scale 

modelling (Simpson et al., 2007; Tuovinen et al., 2007).  

According to Emberson et al. (2005), the grapevine already received considerable attention 

since the early application of the DO3SE model at the beginning of the century along with 

other crops such as tomato, sunflower, maize or sugar beet. Therefore, the work here 

mainly consisted in a comprehensive literature search of the DO3SE stomatal flux (gsto) 

parameters and gsto relationships with environmental variables. For the grapevine case, the 

model was successfully validated against observed grapevine stomatal and O3 flux data 

collected during the California Ozone Deposition Experiment (CODE) during July-August 

1991, which was considered representative of Mediterranean conditions (Padro et al., 

1994; Pederson et al., 1995). It was also thought that it would be possible to translate the 
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O3 dose absorbed by the grapevine into effects on grapevine yield and quality by using the 

revised grapevine DO3SE gsto parametrization and the fumigation dataset used by Soja et 

al. (2004). However, according to Mills et al. (2006), applying the DO3SE model to that 

grapevine fumigation dataset was finally considered unfeasible because the associated O3 

and meteorological data provided by the Soja et al. (2004) study were not recorded hourly 

or for conditions within the OTC, but they had been derived from mean monthly  values 

instead, and as such, there wouldn’t be a way to validate the DO3SE stomatal flux-response 

model either. Although there has been a continuous effort to update the grapevine DO3SE 

parameterizations for regional application by CLRTAP, as it has also been the case for other 

crops such as maize, sunflower and soybean, there has not been corresponding progress 

concerning the availability of enough experimental data so that flux-effect level II (or 

exposure-effect level I) relationships can be established. Currently, wheat, potato and 

tomato are the only crops where species-specific critical levels for yield or quality have 

been derived from comprehensive input for detailed risk assessment (CLRTAP, 2017a). 

High-resolution level-I O3 exposure and level-II O3 stomatal uptake maps can also be 

computed by using high-resolution atmospheric chemical transport models, provided that 

the outputs are validated against available field measurements (CLRTAP, 2014). Whereas 

LRT models such as those of EMEP have been often used to provide average concentration 

and deposition rates for larger grid squares (e.g. 10 x 10 km2 to 50 x 50 km2) at a continental 

or country by country basis, they can also be run in nested mode to higher resolutions (e.g. 

1 x 1 km2) nowadays. High resolution modelling is better suited for more detailed regional 

analyses taking advantage of using more detailed meteorological, elevation and land-cover 

datasets. Both approaches can be used for the assessment of emission abatement 

scenarios as high-resolution models can also be associated with different emission 

inventories. Some examples of high-resolution regional atmospheric modelling systems 

(RAMS), coupled with DO3SE deposition, applied to estimate O3 uptake by vegetation are 

provided by Watanabe et al. (2016), who used ADMER-PRO, a RAMS able to calculate 

meteorological fields and transport of chemical substances simultaneously, in a two-

domain nested approach with a 5 x 5 km2 inner domain to assess phytotoxic risk of 

deciduous forests in the Kanto region of Japan, and that of De Marco et al. (2016), where 

the CHIMERE RAMS was forced by the Weather Research and Forecasting (WRF) model to 

produce hourly O3 data, in another two-nested domain approach to derive a 6 x 6 km2 inner 



Chapter 3 | Assessment of tropospheric ozone phytotoxic effects on the grapevine: a review.  
_________________________________________________________________________________ 

_________________________________________________________________________________ 
  
76 
 

domain to assess soil water content (SWC) effects on the estimation of stomatal fluxes of 

temperate and Mediterranean tree species in France, Slovenia and northern Italy.  

Figure 3-2 displays a high-resolution 0.1° x 0.1° POD1_AIM_map over the April to 

September season for deciduous forests (POD1_AIM_DF) over the Mediterranean basin as 

derived from EMEP/MSC-W modelled air concentrations simulated by the Norwegian 

Meteorological Institute (Met Norway) for the year 2018 (EMEP Status Report, 2019).  

 

Figure 3-2. 0.1° x 0.1° crop PO13IAM Deciduous Forest map produced for the year 2018 
based on EMEP/MSC-W model data provided by the Norwegian Meteorological Institute 
and downloaded from the EMEP MSC-W modelled air concentrations and depositions data 
web site ([dataset] Norwegian Meteorological Institute, 2019). 

It can be observed that extensive areas of the Mediterranean basin exceed the CLRTAP flux-

based critical level for Mediterranean deciduous trees (13.7 mmol m-2), and that many 

grape growing areas, with the same or very similar April to September growing season 

could be affected too. A reduction on yield and quality have been reported for cv. 

Welschriesling with a Jun-Sep POD0 exceeding 12.5 mmol m-2 (Soja et al., 2003) and for cv. 

Merlot, which is considered a global variety as it is extensively cultivated through the 

World, for a Jun-Sep POD0 exceeding 32 mmol m-2 (Fumagalli et al., 2019). Although Apr-

Sep POD1_AIM_DF cannot be taken as an equivalent parameter to a grapevine-based Jun-

Sep POD0 parameter, it could be expected some degree of correlation based on the 

deciduous leaf character, the overlap in growing season length, and the low value of the Y 

detoxifying thresholds used (1 or 0), besides the fact that all these flux-based parameters 

still neglect soil induced water limitation stress. 

Figure 3-3 shows a map produced for the Apr-Sep AOT40 parameter for forests (AOT40_Forest) 

derived from the same source (EMEP/MSC-W). 
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Figure 3-3. 0.1° x 0.1° EU AOT40 Forest map produced for the year 2018 based on 
EMEP/MSC-W model data provided by the Norwegian Meteorological Institute and 
downloaded from the EMEP MSC-W modelled air concentrations and depositions data web 
site ([dataset] Norwegian Meteorological Institute, 2019). 

As expected, it can be observed that the flux pattern is very different to that displayed using 

the exposure map. Once again, many grapevine growing areas exceed AOT40 values that 

have been associated with effects on yield and quality for cultivars such as Welschriesling 

with a yearly Jun-Sep AOT40 exposure of 27 ppm-h corresponding to a 10% reduction of 

yield and 21 ppm-h (11.5 ppm-h for a second year) for a 10% reduction of monosaccharides 

(glucose and fructose) (Soja et al., 1997), or the global Merlot cultivar with a yearly Jun-Sep 

AOT40 exposure of 6.1 ppm-h being associated to a 31.2% reduction of bunch yield and 

several effects on quality (e.g. 14.8% reduction of total polyphenols) (Fumagalli et al., 

2019). Another cultivar grown globally, Tempranillo, has also been reported to significantly 

alter leaf gas exchange parameters (A, gs, ci) in association to a 51.8 ppm-hr May-Sep AOT40 

level (Universidad de Extremadura, 2007). Caution must be taken to interpret the AOT40 

parameter in relation to grapevine yield and quality beyond a mere indicative of potential 

risk as it does not relate directly with the dose of O3 entering with the plant as already 

explained in section 3-2. The grapevine-based POD critical levels mentioned should not be 

used for any other purpose either as they are based on only one OTC experiment per 

cultivar under different environmental conditions.  

Although the DO3SE model currently constitutes the backbone of the CLRTAP methodology 

for O3 phytotoxic risk assessment in Europe (De Marco et al., 2016), there are also other 

alternative and well-established methods to estimate gsto O3 entrance into the plant. For 

instance, a semi-mechanistic photosynthesis-based approach which relates gsto with net 

photosynthetic rate and prevailing climatic conditions has also been applied for grapevine 
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and wheat in comparison with the DO3SE model (Büker et al., 2007). Results indicated a 

similar performance in predicting gsto for time-steps of various lengths (from minute to 

seasonal) with the DO3SE multiplicative model performing marginally better when 

capturing the observational variation in the field validation datasets than the 

photosynthesis-based algorithm, which also required more detailed meteorological input 

data (e.g. ambient CO2, dew-point temperature) and plant-physiological parameters (e.g. 

Vcmax, Jmax) that are often not available (Büker et al., 2007). Another approach is given by 

the work of Rydsaa et al. (2016), who applied another widely and versatile dry deposition 

scheme used for global and regional studies, the Wesely dry deposition scheme as included 

in the WRF-Chem modelling system with the purpose to validate stomatal uptake estimates 

derived from a high resolution 3 x 3 km2 domain against field measurements of three 

vegetation types in a Mediterranean environment (i.e. barley, holm oak forest and maquis) 

in Italy. Results showed that improvements were required to avoid overestimation 

systematic biases concerning assumed minima stomatal conductance, and stomatal 

conductance dependencies on optima temperature ranges, available SWC and VPD. 

3.5 DISCUSSION 

There has been a considerable development on policy oriented standard proposals from 

those based on exposure-based critical levels (level I approach), in the late 1990s, to those 

based on the actual dose or flux entering the plant through the stomata as a function of 

ambient O3 and several other environmental variables (level II approach), in the early 

2010s. Although these later standards have a stronger biological basis, they have not been 

adopted yet by any European directive concerning atmospheric pollution abatement 

policies and vegetation protection despite the fact that it is already known that risk 

assessments based on level I or level II approaches have not comparable results. For 

instance, some success has been reported on atmospheric emissions abatement policies 

yielding to a levelling off or a reduction on ambient O3 exposure in the Northern 

Hemisphere based on recent tropospheric O3 changes (Oltmans et al., 2013) or mid-century 

projections for Europe (Klingberg et al., 2014). In the most positive scenarios, ambient O3 

could already fall below the critical levels used for vegetation in the EU directive 

2008/50/EC. However, for the phytotoxically more relevant stomatal flux, critical levels are 

still exceeded under those scenarios. Moreover, climate change could cancel the benefits 
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of emission reductions due to changes in chemical reactions, local meteorology, long-range 

transport, sensitiveness of the vegetation growing period lengths or adoption of cultural 

practices such as irrigation. In this sense, flux-based assessments were recently 

recommended to evaluate air pollution impacts on ecosystems in the scope of the revision 

of the EU National Emissions Ceilings Directive (NECD, 2016/2284/EU). Currently, according 

to the CLRTAP: “AOT40-based critical levels are suitable for estimating the risk of damage 

where no climatic data or suitable flux models are not available, and/or areas where no 

climatic or water restrictions to stomatal O3 flux are expected, and economic losses should 

not be estimated using this method” (CLRTAP, 2017b). 

There has also been substantial advancement on understanding the effects of O3 on 

physiological and biochemical processes, including effects on yield and quality of the 

grapevine, through observational and experimental studies mostly performed by mean of 

adapted greenhouses or OTCs. In these sense, ambient O3 exposure cause-effect 

relationships for yield and sugar content based on AOT40 were derived by Soja et al. (1997, 

2003 and 2004). Based on the level-I AOT40 cause-effect relationship for grapevine yield 

estimated in those studies coupled with the EMEP photooxidant model, grapevine yield 

losses across Europe in 1990 were estimated to be 6% of the total crop damages, with an 

approximate value of 258 million 1990 £ (661 M € as of 2020), and France, Italy and Spain 

concentrating the greatest detriments (Holland et al., 2002). However, these estimates 

have a great level of uncertainty as they were based on only one Austrian grapevine variety 

classified as moderately sensitive to O3 according to its own AOT40 response function (Mills 

et al., 2007) under irrigation in continental climate conditions, which are not representative 

of the more extensive European Mediterranean grapevine growing areas. Furthermore, 

Soja’s et al. experiments (1997, 2003 and 2004) lacked hourly O3 and meteorological 

records for conditions within the OTC and results were estimated from mean monthly data. 

Therefore, it is not possible to accurately derive O3 flux level-II standards for the grapevine 

based on these experiments as the data to assess stomatal conductance and O3 

concentrations are not available (Mills et al., 2006). In this regard, several more greenhouse 

or OTC O3 fumigation experiments have been carried out on the grapevine since the works 

of Soja et al. in 1997 and 2004 (e.g. Pellegrini et al. 2015, Valleta et al. 2016, Geng et al. 

2017, Decotteau et al., 2016, Fumagalli et al., 2019 and Wang et al., 2019). These  

experiments have been very useful to confirm effects on yield and quality on globally 
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cultivated cultivars, such as Cabernet Sauvignon and Merlot, or to better understand the 

different acclimatization capacity of different varieties in terms of the existence of 

functional traits, genetic variability, response of photosynthetic machinery, production of 

solutes (e.g. proline) mediated by hormones (e.g. ABA), and antioxidant molecules (e.g. 

CGA). However, they had different research focuses (e.g. seasonal versus shorter term O3 

fumigation) and there has not been any further publishing of any more exposure or 

stomatal uptake-effect relationship according to the CLRTAP protocols, and it has not been 

yet possible to derive a species-specific critical level for the grapevine as there is not yet a 

coherent and shared input for detailed risk assessment.  

With the development of computer and web technology, there is greater access to 

meteorological and atmospheric pollution data and modelling systems that couple 

meteorological and atmospheric chemistry allowing risk assessment studies at global, 

regional and local scales. Nowadays, models can provide results at high spatial and 

temporal resolution (e.g. 1 km and hourly) for present times or in the context of climate 

change (Miranda et al., 2020). For a crop such as a grapevine, continuous agronomical, 

physiological and biochemical research allows to refine and update stomatal flux 

parametrization by different approaches (e.g. EMEP approach, effect on photosynthesis). 

Yet all this development continues to be impaired by the lack of ambient O3 level I and level 

II cause-effect relationships for the grapevine, and risk assessment remains uncertain, 

mainly at the regional scale, concerning the different tolerances of different varieties and 

the effect of different cultural practices (e.g. irrigation, pruning systems, canopy 

management, age factor etc.). Some field studies have been performed at the local scale 

by applying antioxidants on canopies or at the regional one by observing leaf or chlorophyll 

damage. These methods have their own uncertainties such as the concentration of 

antioxidant to use. Besides, there can be O3 damage without clear leaf symptoms, different 

tolerances according to variety, and there is no control of other environmental variables 

such as soil type or altitude. Therefore, the specific effects of O3 on the crop are more 

difficult to interpret and extrapolation of results remains elusive. 

There is great awareness on the potential impacts of climate change and the need of 

mitigation measures within the wine industry, but most of the work is focusing on 

atmospheric physical variables, bioclimatic and climate change indices (e.g. Blanco‐Ward 

et al., 2019; Fraga et al., 2016; Mira de Orduña, 2010; van Leeuwen and Darriet, 2016). 
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Taking advantage of this awareness, some of the future studies concerning the potential 

impact of climate change and suitable mitigation measures could also consider ambient O3 

and its effects on commonly affected physiological mechanisms or biochemical pathways 

by using suitably adapted greenhouses, OTC or field studies. The availability of modern free 

air-controlled exposure systems (FACE), which allow to expose crops to different O3 

concentrations without the need of any chamber or adapted greenhouse, should also be 

considered to stimulate further research on O3 impacts on vegetation and derive stomatal 

flux dose-response functions. 

As in the case of forests, awareness of needs concerning integrated common and 

coordinated research on atmospheric chemical composition and climate change potential 

effects on a major global crop such as the grapevine could continue to be promoted at the 

European level by groups of scientists such as CAPERmed at the European level, and by 

MEDECOS at the global scale, with encouragement to participate more in large-scale 

initiatives such as the UNECE-CLRTAP International Cooperative Programme (ICP) on 

effects of air pollution on natural vegetation and crops (ICP-Vegetation) and on Integrated 

Monitoring of Air Pollution Effects on Ecosystems (ICP-IM). Data collected in the framework 

of other European programs (LIFE, INTERREG, and H2020) could also be considered. As 

vineyards also have immense ecological, cultural and economic relevance in the European 

Mediterranean basin, besides being the major fruit crop at the global scale in terms of 

acreage and economic value, it would also seem reasonable to propose the existence of a 

network of vineyards across Mediterranean countries to assess the relation of O3 based 

metrics (e.g. AOT40, PODY) with grapevine health indicators derived from visual symptoms 

(leaf stipple, leaf yellowing and premature senescence), leaf gas exchange parameters (A, 

gsto, ci), leaf fluorometry-based plant stress parameters (Fv/Fm), phenology, biomass (e.g. 

pruning), yield (e.g. bunch weight) and grape quality (e.g. reducing sugars, titrable acidity, 

soluble solids, total phenols).  

Publishing under common agreed standards and data sharing is also a key issue in terms of 

assessment of potential impacts of ambient O3 and climate change on the grapevine. As an 

example, a 2010-2014 “summer” AOT40 global map as derived from 3098 non-urban sites 

from the TOAR database is illustrated in figure 3-4. Following the TOAR procedure, the 

“summer” period corresponds to April-September for the Northern Hemisphere (NH), and 

October-March for the Southern Hemisphere (SH). These 6-month time intervals are 
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expected to capture the main growing season for long-living vegetation, perennial crops 

such as the grapevine, and trees in most areas of the world (Mills et al., 2018).  

 

Figure 3-4.  2010-2014 “summer” AOT40 World map derived from 3098 non-urban sites 

from the TOAR-Surface O3 Database ([dataset] Schultz et al., 2017). 

Through warm and cool periods of the past, most areas suitable for wine production have 

been traditionally located within relatively narrow latitudinal bands between 30° and 50° 

N and 30° and 40° S. These latitudinal bands also correspond approximately to the 12° to 

22°C grapevine growing season isotherms (April-October in the northern hemisphere, 

October-April in the southern one) and are likely to move south and north in relation to 

climate change (Antivilo et al., 2017; Schultz and Jones, 2010). Between those narrow 

latitudinal bands there are areas of Mediterranean, maritime and moderate continental 

climates characterized by wet winters and hot summers, relatively mild winters and dry 

cool summers, and cool winters and warm summers with relatively uniform annual 

precipitation respectively (Jackson, 2008). It can be observed that the “summer” AOT40 

exposure is frequently well above the CLRTAP exposure-based critical level for trees (5 

ppm) between those latitudes in the northern hemisphere whereas it is below in the few 

stations available for the southern hemisphere. It can also be observed that the AOT40 

critical levels already commented in section 3-4 as potential risk indicators for global 

cultivars such as Merlot (June-September AOT40 exposure of 6.1 ppm-hr being associated 

with reductions of 31.2% for bunch yield and 14.8% for total polyphenols) or Tempranillo 

(May-September AOT40 exposure of 51.8 ppb-hr associated with significant alteration of 

gas exchange parameters) are also likely to be exceeded at the global scale between those 

parallels with the exception of the southern hemisphere.  



Chapter 3 | Assessment of tropospheric ozone phytotoxic effects on the grapevine: a review.  
_________________________________________________________________________________ 

_________________________________________________________________________________ 
   
    83 
 

From a 2010-2014 “summer” mean ambient O3 map also derived from the TOAR database 

(figure 3-5), we can observe most of the sites exceed the 30 ppb and 40 ppb levels between 

30 – 50 ° N. Under such ambient O3 exposure conditions, significant effects on gas exchange 

parameters have also been reported for the global varieties Tempranillo (Universidad de 

Extremadura, 2007) and Merlot (Popescu et al., 2012) with visible foliar symptoms such as 

stipple present under high summer light intensities in other varieties (e.g. Beck memento, 

Frontenac) (Geng et al., 2017). Mean ambient concentrations between 50 and 60 ppb 

correspond to the most polluted areas where another global grapevine variety, Cabernet 

Sauvignon, has also been reported to be affected in crop yield (bunch weight reduction, 

20.5%) and quality (reducing sugars reduction 32.4%, soluble solids reduction 33.1%, 

tannings 57.7%, total phenols 22.5%) (Wang et al., 2020) benefiting from protective 

canopies when summer light intensity is above 1.600 µmol m-2 s-1 (Geng et al., 2017). The 

reduction on yield estimated for heavily polluted areas in east China coincides with the 

mean negative impact of approximately 20% on yields of the Thompson Seedless variety in 

the San Joaquin valley of California, back in the early eighties (Brewer and Ashcroft, 1983) 

and which constitutes an area where O3 exposure continues to be high. These estimates 

can only be taken as mere indications about the possible range of potential effects on yield 

and quality over global grapevine cultivars under a extensively spread “summer” AOT40 

level greater than 30 ppm-hr (Mediterranean basin) or “summer” mean O3 levels greater 

than 60 ppm-hr (east China or San Joaquim valley, California) as no limitations due to 

climate or water restrictions to stomatal O3 flux have been considered and there have not 

been common protocols to derive the reported effects. 

 

Figure 3-5. 2010-2014 Apr-Sep ambient O3 mean concentration world map derived from 
3098 non-urban sites from the TOAR-Surface O3 Database ([dataset] Schultz et al., 2017). 
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Table 3-5 summarizes the discussion based on the current-state-of-the-art following a 

SWOT approach on assessing the risk of tropospheric O3 phytotoxic effect on a 

Mediterranean crop such as the grapevine. 

Table 3-5. SWOT concerning the state-of-the-art on tropospheric O3 risk assessment on 
the grapevine. 

Strengths 1. There has been much development concerning modelling 
of level-I and level-II standards. 

2. There is progress on the physiological and molecular 
effects of ambient O3 on the grapevine including 
photosynthetic activity, defence mechanisms, and 
genotypic/functional traits variability. 

Weaknesses 1. Except for wheat, potato and tomato, there are not level-
I exposure-effect nor level-II stomatal uptake-effect 
relationships derived from comprehensive input data that 
could be applied for a detailed risk assessment.  

2. The applicability of the level-I approach is questioned in 
Mediterranean environments.  

3. Regional assessments would need to consider different 
grapevine varietal tolerances as there is evidence of a 
range of sensitivities for this crop.  

Opportunities 1. There is opportunity to perform valuable experimental O3 
fumigation studies by using facilities, such as free air-
controlled exposure experiments, overcoming the OTC 
limitations for perennial crops such as the grapevine. 

2. Other fumigation or photoprotective methods are also 
valuable considering grapevine varietal variability. 

3. There is opportunity to perform valuable experimental 
and modelling work in association to related and pertinent 
traits such as drought tolerance. 

4. As the defence mechanisms concerning environmental 
variables (e.g. solar radiation, drought, CO2 levels, and 
pest incidence) interact through common physiological 
mechanisms and biochemical pathways, combined studies 
should be promoted concerning grape adaptation to 
climate change. 

5. There is opportunity to advance high-resolution (e.g. over 
topographically complex terrains) O3 exposure and O3 
deposition modelling systems. 

6. There is opportunity to advance on incorporating the 
effect of drought on O3 deposition modelling. 

7. There is opportunity to propose a network of vineyards 
across Mediterranean countries to assess the relation of 
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O3-based metrics (e.g. AOT40, PODY) with grapevine 
health indicators. 

8. There is opportunity to benefit from publishing under 
common agreed standards and protocols and to develop 
public access databases (e.g. TOAR vegetation). 

Threats 1. Recent studies are showing some effect of emission 
policies on reducing vegetation O3 exposure. However, 
fluxes could still harm crops, such as the grapevine, as 
exposure continues to be much higher than preindustrial 
times. In addition to the extensive requirements needed 
to perform reliable experimental studies for a perennial 
crop such as the grapevine, there is a threat for this type 
of studies to count with not enough support compared to 
other ones (e.g. drought tolerance studies). However, 
cross-tolerance studies are crucial to predict agricultural 
yield under natural changing climate conditions. 

 

3.6 CONCLUSION 

Focusing on the advances made since the beginning of this century, there is increased 

knowledge on the O3 phytotoxic effects on the grapevine at the cellular, structural and 

anatomical leaf level, and leaf gas exchange parameters which can be accentuated 

depending on variety. It has also been verified that there is a diverse capacity for 

biochemical response and adaptation of the photosynthetic machinery and hormonal and 

antioxidant response depending on the specific cultivar too. It would be of interest to 

continue research on the combined effect of drought, high temperatures, light intensity, 

pests or other atmospheric compounds (e.g. CO2, NO2, SO2, PAN). 

To date, there is still only one series of works (Soja et al. 1997, 2003, 2004) where exposure 

or flux based ambient O3 critical levels were derived for the grapevine with grape quality 

being more sensitive than yield. However, these critical levels have not been accepted by 

CLRTAP for detailed impact assessment as they are based only on a variety grown in 

European continental conditions (e.g. Austria) and only gsto max was parameterized to 

estimate POD. Since the late 2010s, there have been studies focusing on global varieties 

such as Cabernet Sauvignon and Merlot which are second and fourth according to total 

cultivated extension in the World (341000 and 266000 ha respectively) (OIV, 2017), but 

there have not been further advances to derive ambient O3 critical levels for yield and 

quality for these varieties. 
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There is already a FACE facility in the European Mediterranean environment, which avoids 

depending on greenhouses or OTCs for experimentation on ambient O3 effects on crops 

such as the grapevine in combination with other stressors. There is still very little 

experience concerning monitoring of grapevine health indicators in the field and the few 

isolated studies cannot be extrapolated to other regions. Similarly to what has been 

recently started to be done with trees (e.g. De Marco et al. 2019; Paoletti et al. 2019), it 

would be useful to perform research on a series of health indicators specifically selected 

for the grapevine which, for instance, could relate foliar damage (e.g. stipple, browning, 

premature leaf ageing), plant stress (e.g. Fv/Fm), leaf nutritional and biochemical status, 

yield and quality with ambient O3 along a network of selected vineyards also monitored for 

the effects of climate change.    

According to the state-of-the-art, exposure and flux-based grid maps available from EMEP 

for Europe, and global exposure data from the TOAR database, there is risk for O3 

phytotoxic effects on a major fruit crop such as the grapevine, not only across extensive 

Mediterranean areas in the northern hemisphere, but also under moderate continental 

climate conditions across Europe (e.g. Germany and Austria) or maritime climates in East 

Asia (e.g. China, Japan, South Korea). Taking into consideration the recently available 

studies performed on global varieties, such as Cabernet Sauvignon and Merlot, effects 

could be in the order of 20-31% for yield reduction, and of 15-23% for quality compounds 

such as total polyphenols. Recent levelling off or decrease of exposure levels such as those 

recently reported in the Western Mediterranean basin could decrease risk, but  

phenological advancement due to increased temperature associated to climate change, 

and interaction between O3 and other climatic variables (e.g. drought or light intensity) 

could also offset the benefit. It is necessary to enforce common protocols so that more 

detailed assessments can be performed both at the global and regional scales. 

Photo credits. 

McFadden-Smith, Wendy Author's (Ontario Ministry of Agriculture, Food and Rural Affairs). © 

Queen's Printer for Ontario, 2018. Photos on the different levels of O3 stipple aggregation on 

grapevine leaves for a French American hybrid variety identified as Vidal blanc. 
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4 VALIDATION OF METEOROLOGICAL AND GROUND-LEVEL OZONE WRF-CHIMERE SIMULATIONS IN A 

MOUNTAINOUS GRAPEVINE GROWING AREA FOR PHYTOTOXIC RISK ASSESSMENT 

This chapter was published as:  

Blanco-Ward, D., A, R., Viceto, C., Ribeiro, A.C., Feliciano, M., Paoletti, E., Miranda, A.I., 2021. 

Validation of meteorological and ground-level ozone WRF-CHIMERE simulations in a 

mountainous grapevine growing area for phytotoxic risk assessment. Atmos. Environ. 259, 118507. 

https://doi.org/10.1016/j.atmosenv.2021.118507  

I mainly contributed with the postprocessing of the WRF simulations, performed and postprocessed 

the CHIMERE simulations, and analysed the field campaign data. I was also responsible for the 

writing of the paper. 

Abstract 

Ozone is the most damaging phytotoxic air pollutant to crop yield quantity and quality. This 

study presents the validation of a simulation with the WRF-CHIMERE modelling system in 

order to assess the risk of phytotoxicity by tropospheric ozone for an important and 

characteristic Mediterranean crop, i.e. the grapevine. The study region was the Douro wine 

region in Portugal, which is characterized by a rugged relief and a Mediterranean climate. 

The simulation covered a reference grapevine growing season in the Northern Hemisphere 

(from April to September 2017), during which a particular measuring campaign was also 

carried out. The validation of the meteorological simulations on a daily and hourly time 

resolution was performed based on data from three weather stations, namely on 

temperature, global solar radiation, relative humidity, wind speed and direction values. The 

ozone phytotoxicity was assessed with data from two measuring stations. A specific 

grapevine growth parameter based on monitored phenological observations was 

introduced for ozone stomatal uptake assessment. Concerning meteorology, validation 

statistics were acceptable and within the range of what has been found in other regional 

climate modelling simulations. Ground-level ozone-based values were calculated for a 

better assessment of the phytotoxic risk, in particular cumulative standards for vegetation 

protection. Stomatal flux estimates were within the range of those measured for the local 

cultivars in the field campaign when there was not severe water stress limitation. Both field 

and statistically adjusted model values indicate that considerable areas in the Demarcated 

Douro Region of Portugal can exceed the critical exposure values for vegetation according 

https://doi.org/10.1016/j.atmosenv.2021.118507
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to current European legislation standards. Moreover, measured and simulated results 

indicate an ozone impact on grapevine yield and quality in the target region because the 

exposure- and flux-based indices exceed the criteria based on current open-top-chamber 

experimental knowledge. 

 

4.1 INTRODUCTION 

Ozone (O3) stands out as the tropospheric pollutant with greatest phytotoxic effect on 

crops, pastures and forests (Ainsworth et al., 2012; Booker et al., 2009; Li et al., 2017). Yield 

losses have been estimated to range between 5 to 20% for important crops, such as wheat, 

rice and legumes, and they can reach greater figures depending on the sensitivities of the 

different  cultivars (Avnery et al., 2011b; Feng et al., 2019; van Dingenen et al., 2009). It is 

expected that background levels of tropospheric O3 will continue to increase globally in 

relation to the increasing industrialization of developing countries and intercontinental 

transport. However, the effects of emission reduction policies, such as the reduction of 

maximum O3 peak levels or levelling off or even declines of long-term trends have also been 

observed in Europe, North America and Japan (Oltmans et al., 2013; Paoletti et al., 2014; 

Sicard et al., 2013; The Royal Society, 2008). Concerning O3 metrics of relevance for 

vegetation, the highest 2010-2014 O3 levels were found in the mid-latitudes of the 

Northern Hemisphere including southern United States of America, the Mediterranean 

basin, northern India, north, north-west and east China, the Republic of Korea, and Japan 

(Mills et al., 2018). Moreover, the Mediterranean area is susceptible to a greater exposure 

to environmental O3 with a higher incidence of warm summers and heat waves (Jacob and 

Winner, 2009; Katragkou et al., 2011; Meleux et al., 2007). Considering projected surface 

O3 concentrations simulated by six global atmospheric chemistry transport models on the 

basis of a representative concentration scenario (RCP8.5), Sicard et al. (2017) found that 

many areas of the Northern Hemisphere (e.g. North America, Greenland, Europe, southern 

Asia, north-eastern China) would undergo an increase of O3 levels and risk of O3 injury for 

vegetation in association with an increase in methane emissions, global warming and 

weakened nitric oxide titration. These results are in line with those found under RCP8.5 by 

Fortems-Cheiney et al. (2017) for Europe.  
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The grapevine is the crop where the phytotoxic effects of O3 were first noticed (Richards et 

al., 1959). Although it is not a food security crop, such as wheat, rice, soybean, maize or 

potato, it has immense cultural, economic and ecological importance within the 

Mediterranean basin, besides being the fruit crop with the largest acreage and highest 

economic value globally (Ponti et al., 2018). Since the early observations from the fifties, 

there is nowadays a greater knowledge and awareness of the effects of O3 on grapevine 

and its defence mechanisms (Blanco-Ward et al., 2021a; Pellegrini et al., 2015; Valletta et 

al., 2016), but there are wide gaps that prevent to relate the exposure or stomatal uptake 

of O3 with grapevine yield and quality (CLRTAP, 2017a; Mills et al., 2006).  

There is already a good number of studies in relation with climate change as a potential 

threat to wine production and typicity (e.g. Blanco‐Ward et al., 2019; Fraga et al., 2016; 

Mira de Orduña, 2010; van Leeuwen and Darriet, 2016), but there is still a lack of studies 

addressing the potential effects of changes in the meteorological fields, drought or carbon 

dioxide atmospheric enrichment in relation to surface O3 for this crop. An example where 

the potential phytotoxic effect of O3 in the context of climate change has been considered 

is the work of Miranda et al. (2020) in the Demarcated Douro Region (DDR) of Portugal 

suggesting that the tropospheric O3 levels in the future would influence the quality and 

productivity of wine in the region. However, further refinement is needed in order to not 

rely solely on O3 exposure, but also on the stomatal O3 uptake by the grapevine in the study 

area. 

A modelling approach can be very useful when assessing the risks of climate change on 

crops, but it is necessary to validate simulations with data from meteorological and air 

quality station measuring networks, as well as data of the physiological behaviour of the 

crops. The purpose of this paper is to evaluate high resolution (1 km x 1 km) meteorological 

and ground-level O3 simulations aimed at performing a crop risk assessment for grapevine, 

based on current O3 standards for vegetation protection, including the phytotoxic O3 dose 

(POD) i.e. the accumulated stomatal O3 uptake over the growing season (CLRTAP, 2017a). 

To accomplish this objective, the following research questions are addressed. Can a 

chemical transport modelling (CTM) system successfully replicate the meteorological and 

ground level ozone patterns in a complex terrain under Mediterranean climate conditions 

such as those present in the Douro wine region in Portugal? To which extend the range of 

simulated stomatal fluxes adequately represents those of the grapevine cultivars present 
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in the study area to estimate POD? Can current ground-level O3 be related to any potential 

risk for a renowned wine producing region such as the Douro river valley in Portugal? 

4.2 STUDY AREA  

The Portuguese Douro Demarcated Region (DDR) crosses the two banks of the Douro River 

from the border with Spain until halfway through its course. The Douro valley stretches 

along 90 km in the west-east direction and along 50 km in the north-south direction (Figure 

4-1). The westernmost region is located 70 km away from the Atlantic Ocean. The 

landscape is characterized by mountainous terrain, rising above the Douro river and its 

tributaries, with moderate to steep slopes and different expositions. The average elevation 

in the region is 443 m, but varies from about 40 m to a maximum of more than 1400 m. 

The Region covers about 250 thousand hectares with vineyard areas representing 43480 

hectares, 17.4 % of the total area. It is divided into three sub-regions: Baixo Corgo with the 

smaller area (45000 ha), Cima Corgo, with intermediate extension (95000 ha), and Douro 

Superior with the greater extension (110000 ha). The vineyard area for these subregions is 

13368, 20270 and 9842 ha, respectively (IVDP, 2017a). 

 

a)  

b) c)   
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d) e)  

Figure 4-1. a) Nested modelling domains and location of the Douro Demarcated Region 
(DDR) in northern Portugal. b) Subregions “Baixo Corgo” (R1), “Cima Corgo” (R2) and 
“Douro Superior” (R3), along vineyard areas and observational sites. c, d, e) Detail of 
observational sites. 

The DDR presents a warm temperate climate (Köppen Csb), with average annual 

temperatures, for the period 1980-2009, of 15.4°C, mean minimum daily temperature 

(Tmin) in the coldest month of 2.7°C and average of the maximum daily temperature 

(Tmax) in the hottest month of 32.1°C. The mean rainfall of the driest month (July) is only 

11.2 mm, but highly variable rainfall events are concentrated in the winter months. The 

region is protected from the humid and cold winds of the Atlantic Ocean by two mountain 

ranges, Marão and Montemuro, which are located on its western border. The temperature 

increases and precipitation decreases from west to east. The westernmost sub-region of 

the Douro Valley (Baixo Corgo) is closer to the Atlantic Ocean and therefore more affected 

by the moist sea winds. The easternmost sub-regions are further away from the Atlantic 

Ocean, thus having a more continental climate influence. Low precipitation values, 

together with high temperatures and high radiation exposure, give rise to intense water 

and thermal stresses, particularly in the Cima Corgo and Douro Superior subregions (Jones 

and Alves, 2012). 

4.3 DATA SOURCES AND CALCULATIONS 

Modelled and measured meteorological and O3 values were compared and analyzed using 

selected statistical quality indicators for a field campaign period from April to September 

2017. Moreover, O3 standards for vegetation were calculated and assessed. 

4.3.1 Field campaign data  

The meteorological data were obtained from two meteorological stations (Pinhão and Vila 

Real) from the Portuguese Institute for the Sea and the Atmosphere (IPMA) and one 
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meteorological station (Quinta da Leda) from a wine company in Portugal, Sogrape Vinhos. 

The Pinhão (130 m) and Quinta da Leda (228 m) are located in the Douro valley under 

Mediterranean climate conditions whereas Vila Real (561 m) represents plateau conditions 

where there is a stronger sub-Atlantic oceanic influence (Ribeiro, 2000). Two observational 

sites for ambient O3 were also available: the Douro Norte station (1086 m) belonging to the 

Portuguese Environmental Agency and the Quinta da Leda station (228 m), which was 

made operative specifically in the scope of the DOUROZONE project, and from April to 

September 2017. The location of the meteorological and O3 monitoring stations can be 

observed in Figure 4-1 (b, c, d, e). The April to September growing season length is 

commonly taken as a valid reference grapevine growing season in the Northern 

Hemisphere (Tonietto and Carbonneau, 2004) and is used concerning O3 risk assessment 

for perennial crops and deciduous trees (Mills et al., 2018).  

Along the same period, in Quinta da Leda, the phenological development of two grapevine 

cultivars characteristic of the DDR, ‘Touriga Franca’ and ‘Touriga Nacional’, was monitored 

once per week according to the Biologische Bundesanstalt, Bundessortenamt und 

CHemische Industrie (BBCH) phenological scale. Six representative plants per cultivar were 

chosen. For each of the two cultivars, it was considered that certain phenological stage had 

been reached when at least two of the six plants manifested it in a dominant way whereas 

the remaining ones had also started to display it. Table 4-1 shows the  dates of the main 

phenological stages considered for those cultivars at Quinta da Leda in 2017. No major 

differences were found in the phenological development of the two cultivars although 

there was more variation in the first phenological stages.  

Table 4-1. Dates of main phenological stages for two characteristic grapevine cultivars of 
the DDR as observed at Quinta da Leda through the 2017 field campaign.  

BBCH Phenological stage Date cv. Touriga Nacional cv. Touriga Franca 

Bud burst  29/03/17  3 (9D), 3 (9I)  4 (9D), 2 (11D) 

Beginning of flowering 03/05/17 1 (61D), 3 (60D), 2 (60I) 1 (61D), 1 (60D), 4 (60I) 

Beginning of ripening 05/07/17 6 (81D) 6 (81D) 

Berries ripe for harvest 23/08/17 6 (89D) 6 (89D) 
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Beginning of leaf-fall 27/09/17 6 (93D) 6 (93D) 

Note: the phenological summary for each of the cultivars is expressed as the number of plants that 
have reached a given BBCH phenological stage. BBCH code 9 stands for bud burst, 11 for first leaf 
unfolded, 60 first flower hoods detached from the receptacle, 61 10% of flower hoods fallen, 81 
beginning of ripening: berries begin to develop variety-specific colour, 89 berries ripe for harvest, 
93 beginning of leaf-fall. For this specific monitoring, letters D and I are used to indicate a dominant 
or incipient stage manifestation. For instance, 3(D9), 3(I9) corresponds with 3 grapevine plants 
reaching bud burst (BBCH code 9) as a dominant stage and other 3 grapevine plants which start to 
manifest that phenological stage.    

4.3.2 Model simulations  

The Weather Research and Forecasting (WRF) model is a mesoscale numerical weather 

prediction system, which can be used in a wide range of applications across scales from 

tens to thousands of kilometres. A detailed description of the model is provided by 

Skamarock et al. (2008), and further information on parameterizations, specifically suited 

for the Iberian Peninsula, is in Marta-Almeida et al. (2016). The WRF model was used 

initially as a dynamical downscaling tool to obtain regional meteorological information 

from the ERA-Interim reanalysis dataset. The WRF high-resolution climate simulations were 

implemented for four nested domains with increasing horizontal resolution, namely 81 

(D1), 27 (D2), 9 (D3), and 1 km (D4) (Figure 4-1a). The WRF modelled period analysed for 

meteorological validation purposes consisted of hourly results from April 1st to September 

30th. 

The chemical and atmospheric transport model CHIMERE (Menut et al., 2013) was used to 

estimate ground-level O3 exposure while the dose of O3 entering the plant was calculated 

based on the dry deposition of O3 for stomatal exchange (DO3SE) model of the European 

Monitoring and Evaluation Programme for long-range transmission of air pollutants (EMEP) 

(Emberson et al., 2000a), updated according to the last parametrizations available for 

grapevine (CLRTAP, 2017c; Emberson et al., 2005). WRF simulations results were used as 

meteorological inputs for CHIMERE together with anthropogenic pollutants emission data 

from the emission database of EMEP, which were pre-processed for the four domain 

configurations. Biogenic emissions were computed using the global Model of Emissions of 

Gases and Aerosols from Nature (MEGAN). Land use types needed by CHIMERE to calculate 

biogenic emissions, as well as other processes such as deposition, were derived from the 

U.S. Geological Survey (USGS) 1 km resolution land cover database. The CHIMERE chemical 
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mechanism is based on the MELCHIOR scheme (Mailler et al., 2016). Hourly O3 simulated 

values were obtained for the field campaign period - April 1st to September 30th. 

4.3.3 Selected variables and O3 standards 

High ambient O3 concentrations do not always correspond to high stomatal O3 fluxes as 

stomatal closure is induced by low solar radiation and high vapour pressure deficit. Wind 

also affects laminar resistance to ozone flux into plant leaves. Therefore, the following 

variables selected for the evaluation of the meteorological simulated values from April to 

September 2017, were considered: daily maximum temperature (Tmax), hourly mean 

temperature (Tmean), daily maximum global solar radiation (Radmax), hourly mean global 

solar radiation (Rad), daily minimum relative humidity (RHmin),  hourly mean relative 

humidity (RH), hourly mean wind speed (Ws) and daily mean wind direction (Wdmean).  

Concerning ground-level O3 risk assessment exposure-based standards for vegetation, 

AOT40 corresponds to the sum of the daylight (8:00 – 20:00 according to the European 

Union Directive 2008/50/EC, and daytime hours with > 50 Wm-2 according to the 

Convention on Long-range Transboundary Air Pollution, CLRTAP) hourly O3 concentrations 

greater than 40 ppb accumulated at the top of the canopy during the growing season and 

is calculated by equation 1: 

𝐴𝑂𝑇40 = ∑ (0; 𝐶𝑐 − 40)∆𝑡
𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑖𝑜𝑑

  (1) 

where Cc represents the O3 concentration value. 

According to the European Union (EU) legislation (Directive 2008/50/EC), the May to July 

time window can be used to evaluate the negative effects of ozone (e.g. yield reduction, 

growth reduction, visible injury) on any kind of vegetation whereas, according to CLRTAP 

(CLRTAP, 2017a), the AOT40 index can also be used with longer time-windows, such as 6 

months (e.g. April to September) corresponding to the growing season of perennial-

dominated (semi-)natural vegetation or forest deciduous trees, so that it can be related 

with growth reduction effects for those vegetation types. The AOT40 indices are commonly 

associated with exposure-based critical levels (CLec) above which adverse effects on 

sensitive vegetation may occur according to present knowledge (CLRTAP, 2017a). The EU 

May-July AOT40 has a CLec value of 9 ppm-h as 5-year (or 3-yr) average and 3 ppm-h as 

long-target value, which also coincides with the CLRTAP Clec value for agricultural crops 
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when applied during a 3-month growing season in a year. However, the CLRTAP Clec value 

associated to a 6 month time window and growth reduction effects for perennial-

dominated (semi)natural vegetation and trees is 5 ppm-h in a year (Paoletti and Manning, 

2007). For grapevine, the only AOT40 Clec  published values so far are those related with 

the experimental work of Soja et al. (1997) which are based on a Welschriesling cultivar 

exposed to different levels of O3 in open-top-chambers under a continental climate in 

eastern Austria. This experimental work acknowledged the relevance of a memory effect 

for a perennial crop such as grapevine, and a Clec of 27 ppm-h for a 10% reduction of grape 

yield was established, without no variation in a second exposure year, whereas the values 

associated with a 10% reduction in grape monosaccharide yield were 21 ppm-h in the first 

exposure year and 11.5 ppm-h in the second experimental year. 

The cumulative exposure (level-I) approach has been extensively criticized, because it does 

not reflect the actual dose or flux of O3 entering the plant (Emberson et al., 2000b; 

Massman, 2004; Mauzerall and Wang, 2001; Musselman et al., 2006; Paoletti and Manning, 

2007). To overcome these limitations, a flux-based or level-II approach was developed 

under the CLRTAP convention (Mills et al., 2011b). This approach has a stronger biological 

basis since it considers a Phytotoxic Ozone Dose (PODY) by considering the O3 stomatal 

uptake, which can be understood as the amount of O3 molecules that penetrate the leaf 

tissue through the stomata as a function of ambient O3 concentration and several other 

critical environmental parameters such as temperature, water vapour pressure, light, soil 

water potential and plant growth (phenological) stage (Emberson et al., 2000b). PODY is 

defined as (CLRTAP, 2017a): 

𝑃𝑂𝐷𝑌 = ∑ (0; 𝐹𝑠𝑡 − 𝑌)∆𝑡
𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑖𝑜𝑑

   (2) 

Where Fst is the instantaneous flux of O3 through the stomatal openings per unit projected 

leaf area (PLA). It refers specifically to the sunlit leaves at the top of the canopy. It is 

regarded here as the hourly mean flux of O3 into the stomata. Y is the threshold stomatal 

flux per PLA. Both parameters have units of nmol O3m-2s-1. Critical levels based on stomatal 

flux (Clef) are then cumulative stomatal fluxes above which adverse effects may occur 

according to present knowledge (CLRTAP, 2017a). In  a later work, Soja et al. (2004) also 

published Clef  values for grapevine associated with a POD6 index (stomatal O3 flux above 6 

nmol O3 m-2s-1). A Clef of 3.5 mmol m-2 for a 10% reduction of grape yield was established 
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for the first experimental year and 2.2 mmol m-2 for the second year whereas the values 

associated with a 10% reduction in grape monosaccharide yield were 2.3 mmol m-2 in the 

first year of the experiment and 1.1 mmol m-2 in the second year.  

Both AOT40 and POD based approaches were used to assess our model results and 

measurements. The ground-level O3 variables and vegetation risk assessment standards 

selected for evaluation of the simulations were the following:  daily O3 max (O3 max), hourly 

O3 mean (O3 mean), EU legislation-based May to July AOT40 (May-Jul AOT40), CLRTAP-

based April to September AOT40 (Apr-Sep AOT40), June to September AOT40 as proposed 

by Soja et al. (1997, 2004) for the grapevine (Jun-Sep S AOT40), CLRTAP-based April to 

September POD (Apr-Sep POD), June to September POD as proposed by Soja et al. (1997, 

2004) for the grapevine (Jun-Sep POD), CLRTAP-based April to September POD6 (Apr-Sep 

POD6), and June to September POD6 as proposed by Soja et al. (1997, 2004) for the 

grapevine (June-Sep POD6). 

4.3.4 Assessment of modelling performance 

Considering several studies (Borrego et al., 2008; Emery et al., 2017; Marta-Almeida et al., 

2016; Politi et al., 2017; Soares et al., 2012; Willmott et al., 2012; Zittis et al., 2014) related 

to assess photochemical and meteorological model performance, the following methods 

and statistics were selected:  

Daily scale 

1. Time series plots of field data versus 1 km WRF-CHIMERE results. 

2. Comparison of the probability distributions of the observed and modelled variables 

including a statistical test, the Kolmogorov-Smirnov (KS) test. 

3. Evaluation metrics, such as the bias (BIAS), the ratio of the standard deviation between 

modelled and observed variables (SD Ratio), the mean absolute error (MAE), the mean 

absolute percent error (MAPE), the root mean square error (RMSE), the Pearson’s 

correlation coefficient (CORR), and the modified index of agreement (MIA). For wind 

direction, MIA was replaced by the standard deviation of the errors (STDE), as it can be 

taken as an indicator of correct simulations physics if it is low, even when there is high BIAS 

or RMSE (Carvalho et al., 2012). 

Hourly scale 
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1. Taylor diagrams, which also include correlations between observed and modelled 

variables, similarity in variable distributions (standard deviation comparisons) and root 

mean square error (RMSE). 

Regional weather and chemical transport models can exhibit systematic simulation biases. 

When that is the case, the simulations could be post-processed in order to obtain more 

reliable estimates of the local weather or ambient air pollutants. Among the diversity of 

methods available, a non-parametric quantile-quantile (QQ) transformation was selected 

due to its relative simplicity and good skill to reduce bias in modelled fields, such as 

precipitation, as suggested by Gudmundsson et al. (2012). The QQ transformation was only 

applied to the WRF-CHIMERE final results related to O3 phytotoxic risk assessment, ambient 

O3 and O3 stomatal flux. 

For the comparison between modelled and measured values, a cell bilinear interpolation 

filter was applied to the WRF-CHIMERE neighbouring cells to the location of the field 

observational stations. Next, the results of comparing the meteorological and air quality 

simulated and measured values are presented. 

4.4 RESULTS AND DISCUSSION 

This section focuses first on results related with temperature, global solar radiation, 

relative humidity, and wind as principal meteorological drivers related to plant O3 exposure 

and phytotoxic O3 dose. Results related with daily O3 max, hourly O3 mean profiles, and 

seasonal standards for vegetation protection are described afterwards. The relevance of 

simulation bias, field campaign data for model parametrization and validation, and 

variability and significance of results also in relation to climate extremes is discussed. 

4.4.1 Meteorological variables 

Tables 4-2 to 4-5 present the obtained validation statistics for temperature, global solar 

radiation, relative humidity and wind speed and direction, respectively. These statistics are 

based on modelled WRF results versus observed values at Vila Real (R1), Pinhão (R2) and 

Quinta da Leda (R3), during the 2017 Apr-Sep grapevine growing season. Further 

information, namely maps, time series, density plots and Taylor diagrams can be assessed 

in the Supplementary Material.  
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Table 4-2. Validation statistics for daily Tmax and hourly Tmean (April-September 2017 
period). 

Daily Tmax (°C) Field 

value 

BIAS SD 

Ratio 

MAE MAPE 

(%) 

RMSE CORR MIA 

Vila Real 26.0 (µ)  

5.4 (σ) 

-1.5 0.98 2.0 8.0 2.5 0.93 0.78 

Pinhão 30.7 (µ)  

5.4 (σ) 

-2.7 0.99 2.9 9.7 3.4 0.92 0.68 

Quinta da Leda 31.5 (µ)  

5.7 (σ) 

-3.1 0.97 3.3 10.5 3.7 0.93 0.66 

Hourly Tmean 

(°C) 

Field 

value 

BIAS SD 

Ratio 

MAE MAPE 

(%) 

RMSE CORR MIA 

Vila Real 19.1 (µ)  

6.3 (σ) 

-0.7 0.97 2.1 11.6 2.5 0.92 0.80 

Pinhão 22.4 (µ)  

7.0 (σ) 

-1.6 0.95 3.0 14.3 3.2 0.89 0.73 

Quinta da Leda 23.1 (µ)  

7.4 (σ) 

-1.8 0.93 2.2 10.1 2.0 0.96 0.81 

 

The measured daily Tmax mean and standard deviation increased from the most 

northwestern location (Vila Real) to the most southeastern one (Quinta da Leda). The 

average bias of the WRF simulations increased from the northwest to the southeast too. 

The linear correlation was very strong (CORR > 0.90) in all cases. The SD ratios also indicated 

a similar spread of the observed and modelled data.  

The hourly Tmean evaluation metrics were similar to those of the daily Tmax data, although 

there was a lower bias and a better model agreement reflected by higher MIA in all cases 

and the worst WRF performance was at the Pinhão location as revealed by its higher MAE  

and RMSE error (Table 4-2).  

The higher Tmean error statistics estimated for the Pinhão were most likely associated with 

the greater difficulty to model the Mediterranean conditions present at the lower altitudes 

and deep and narrow valley locations (Figure 4-1d), in contrast with those present in the 

sub-plateau Vila Real location (Figure 4-1c) or more open Mediterranean locations towards 

the east such as Quinta da Leda (Figure 4-1e). Those conditions were more pronounced for 

daily Tmax with the model indicating worse accuracy and precision for both Pinhão and 

Quinta da Leda than for the sub-plateau Vila Real location under a more sub-Atlantic 

climate influence. This was also in connection with the greater difference between the 

station elevation and the value used by the model as derived from the digital elevation 
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model (DEM), respectively 130 and 225 m for Pinhão, 228 and 278 m for Quinta da Leda, 

and 561 and 568 m for Vila Real. 

Overall, the results indicate a good agreement concerning patterns at the seasonal, daily 

and hourly scale for temperature, with probability distributions and error statistics within 

the range of those reported by other studies about the validation of WRF simulations in the 

Iberian Peninsula (Marta-Almeida et al., 2016; Soares et al., 2012) and other Mediterranean 

areas such as Greece (Politi et al., 2017). For instance, according to Soares et al. (2012) the 

validation statistics for a 5 km horizontal resolution WRF simulation for northeastern 

Portugal presented the following range for daily Tmax: CORR ≥ 0.90, BIAS -3.3 – 0.5 °C, 

RMSE 2.5 – 4.6 °C. This range of values is very similar to those found in Table 4-2 for daily 

Tmax. 

Table 4-3. Validation statistics for daily Radmax and hourly Rad (April-September 2017 
period).  

Daily Radmax (kJ m-2) Field value BIAS SD Ratio MAE MAPE (%) RMSE CORR MIA 

Vila Real 3159(µ) 478(σ) 110 0.66 227 9.3 409 0.57 0.65 

Pinhão 3227(µ) 440(σ) 29 0.71 217 8.2 365 0.57 0.63 

Quinta da Leda 3410(µ) 452(σ) -132 0.68 332 10.5 402 0.55 0.44 

Hourly Rad (kJ m-2) Field value BIAS SD Ratio MAE MAPE (%) RMSE CORR MIA 

Vila Real 993(µ) 1210(σ) 44 1.03 159 - 368 0.96 0.93 

Pinhão 981(µ) 1225(σ) 59 1.02 277 - 470 0.93 0.87 

Quinta da Leda 1081(µ)1301(σ) -39 0.96 272 - 456 0.94 0.88 

 

In Table 4-3 it can also be observed that the performance of the WRF model improved in 

relation with hourly mean Rad with much greater MIA and CORR values in comparison with 

the daily Radmax case. Quinta da Leda showed again the higher hourly mean value but the 

differences among stations concerning average Rad values were smaller than for Radmax. 

All in all, the model performed slightly better for the higher sub-plateau location, with 

correlation and precision improving considerably at the hourly scale at all locations. The 

magnitude of the errors and correlation statistics shown for hourly Rad in Table 4-3 were 

very close or within the range of other validation studies performed with WRF solar 

radiation simulations in the Iberian peninsula (López et al., 2020; Perdigão et al., 2017) and 

France (Boulard et al., 2016). For instance, according to López et al. (2020), the validation 

statistics for a 1 km horizontal resolution WRF simulation for central continental Portugal 

presented the following ranges for daily Radmax radiation and hourly Rad: BIAS -72 - 324 



Chapter 4 | Validation of meteorological and ground-level ozone WRF-CHIMERE simulations. 
_________________________________________________________________________________ 

_________________________________________________________________________________ 
  
100 
 

kJ m-2, MAE 108 -378 kJ m-2, RMSE 180 – 558 kJ m-2 (Radmax) and BIAS 3.6 - 144 kJ m-2, 

MAE 144 - 216 kJ m-2, RMSE 216 – 396 kJ m-2 (Rad). 

The relative humidity validation statistics included in Table 4-4 show that linear correlation 

was strong for daily RHmin in all three locations, but BIAS, MAE, RMSE and MIA indicated 

a better performance of the simulations for the Vila Real location. 

Table 4-4. Validation statistics for daily RHmin and hourly RHmean (April-September 2017 
period).  

Daily RHmin (%) Field value BIAS SD Ratio MAE MAPE (%) RMSE CORR MIA 

Vila Real 37.3 (µ)   12.6 (σ) -2.5 1.01 6.7 18.4 8.8 0.78 0.69 

Pinhão 22.3 (µ)     9.5 (σ) 6.9 1.10 8.1 44.6 9.8 0.76 0.53 

Quinta da Leda 22.7 (µ)     8.9 (σ) 3.2 1.01 5.6 28.7 7.1 0.75 0.61 

Hourly RHmean (%) Field value BIAS SD Ratio MAE MAPE (%) RMSE CORR MIA 

Vila Real 59.9 (µ) 20.3(σ) -3.3 0.95 9.5 16.5 12.4 0.82 0.72 

Pinhão 46.3 (µ)   19.7 (σ) 6.0 0.97 10.2 28.1 12.4 0.84 0.70 

Quinta da Leda 45.7 (µ)   19.3 (σ) 3.1 0.99 7.8 19.8 9.9 0.88 0.76 

 

The hourly mean RH values also followed and inverse relationship with hourly Tmean with 

decreasing values from the NW to the SE (Table 4-4). There was also better performance 

of the WRF model in all cases if compared with daily RHmin with slightly higher correlation 

and MIA statistics. However, the WRF model performance was now better at Quinta da 

Leda as observed by its higher MIA and lower MAE and RMSE errors. The validation 

statistics were within or close to the range of other WRF mesoescale simulation studies 

(Boulard et al., 2016; Kryza et al., 2017; López et al., 2020; Pan and Li, 2011).  For instance, 

the error range for a one year 5 km horizontal resolution WRF simulation after comparison 

with data from 7 meteorological stations in the Heihe river basin (continental China) 

reported by Pan and Li (2011)  for hourly RH was the following: CORR 0.55-0.75, BIAS -7.3 -

13.3%, RMSE 16.5 – 23.6%). 

The validation statistics for wind speed and wind direction can be found in Table 4-5. 

Table 4-5. Validation statistics for hourly Ws and daily Wdmean (April-September 2017 
period).  

Hourly Ws (m/s) Field value BIAS SD Ratio MAE MAPE (%) RMSE CORR MIA 

Vila Real 1.8 (µ)  

1.3 (σ) 

1.1 1.36 1.3 - 1.7 0.65 0.50 

Pinhão 1.9 (µ)  

1.1 (σ) 

0.8 1.78 1.3 - 1.8 0.63 0.48 

Quinta da Leda 1.4 (µ)  1.4 1.50 1.6 - 2.1 0.59 0.41 
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1.3 (σ) 

Daily Wdmean (ᵒ) Field value BIAS SD Ratio MAE MAPE (%) RMSE CORR STDE 

Vila Real  284 (µ)  

46 (σ) 
24.7 1.17 34.9 12.3 50.9 0.72 44.5 

Pinhão 336 (µ) 

 37 (σ) 
-9.6 1.73 94.4 28.1 103.4 -0.39 102.9 

Quinta da Leda 279 (µ)  

58 (σ) 
10.2 0.88 38.9 13.9 54.0 0.24 53.1 

 

Hourly Ws correlation values varied from 0.59 (Quinta da Leda) to 0.65 (Vila Real), and the 

accuracy values provided by MIA were low. The daily Wdmean clockwise bias for Vila Real 

was 24.7° and 10.2° for Quinta da Leda with respective STDE 44.5 and 53.1 (Table 4-5). The 

greatest divergence was found for the Pinhão location where the simulated wind direction 

was 269° compared to the 336° observed one. The results for the Pinhão location probably 

were related to the more sheltered location of the monitoring station along the Douro’s 

river canyon which is not fully captured by the WRF model. In fact, we have already pointed 

out that the Pinhão station had the greatest difference between measured ground altitude 

and the altitude used by the WRF-CHIMERE modeling system (130 m and 225 m, 

respectively). The worse model performances concerning precision and accuracy were also 

found for the Pinhão location for hourly Tmean, hourly Rad, daily RHmin and hourly RH, 

although the differences in these cases were rather slight when compared with the other 

locations. 

Overall, the WRF wind simulation for the 2017 Apr-Sep grapevine growing season in the 

DDR can be associated to the predominance of westerly-north-westerly flows, which result 

from the deflection of the northerly winds of the Atlantic coast, by the orientation of the 

valley and by the Iberian thermal low favoured by most of the synoptic weather situations 

in areas such as the Douro river basin (Lorente-Plazas et al., 2015). Except for daily Wdmean 

at the Pinhão location, the error statistics estimated for wind velocity and wind direction 

at the daily and hourly scale were very close or within the range found by other WRF 

mesoscale validation studies where the greater inaccuracies were also associated with 

mismatches between the model and the actual terrain elevation and the inability to 

reproduce the lower atmosphere conditions of complex terrains  (Jiménez et al., 2013; Pan 

et al., 2018; Pan and Li, 2011; Zhang et al., 2013). For instance, the work by Pan and Li 

(2011) concerning one year 5 km horizontal resolution WRF simulation in the Heihe river 

basin (continental China) presented the following error statistics for hourly Ws: BIAS from 
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-0.6 to 1.8 m/s, RMSE from 1.3 to 3.6 m/s. As for daily Wdmean, Carvalho et al., (2012) 

reported the following statistics at hourly level from a 3.6 km horizontal resolution WRF 

simulation performed during January in a mountainous area of central Portugal: BIAS from 

-3.8ᵒ to -9.7ᵒ, RMSE 37.3ᵒ to 52.0ᵒ, and STDE from 37.2ᵒ to 51.1ᵒ. 

In summary, excepting for the meteorological variables associated to wind, it has been 

observed that model performance tended to be more precise and accurate when hourly 

values are analyzed than when considering daily maxima data. Differences among locations 

were slight, apart from Radmax and RHmin where there was a drop in model performance 

(MIA < 0.6) for one of the sites (Quinta da Leda for Radmax and Pinhão for RHmin). 

Validation statistics were acceptable and within the range of what has been found in other 

RCM simulations with the lower values associated to the moderate correlations estimated 

for Radmax (between 0.55 and 0.57). Model accuracy performance was lower (MIA < 0.6) 

for all observational sites for wind speed and there was only a strong correlation value for 

wind direction in one of the locations (Vila Real).  

4.4.2 Ground-level O3 

Table 4-6 and Figure 4-2 show the validation statistics and graphs, respectively, associated 

with ground-level O3 values at Douro Norte and Quinta da Leda air quality stations. The 

measured values for daily O3 maxima and hourly O3 means were similar in the two sites. 

The correlation values were moderate for daily O3 maxima and strong for hourly O3 at 

Quinta da Leda, whereas they were strong for daily O3 maxima and hourly values at Douro 

Norte. The BIAS, RMSE, MAE and MAPE errors were lower for the Quinta da Leda site and 

the SD ratios indicated a lower spread of the simulated values for both locations. The lower 

spread of the simulated values was also observable in the time series plots (Figure 4-2a), 

where the simulated values failed to capture the maxima and minima values, and in the 

density plots (Figure 4-2b), where the KS test indicated significant differences between the 

distribution of observed and simulated data  (p < 0.01). The Taylor diagrams (Figure 4-2c) 

for the hourly O3 mean values indicated a similar WRF-CHIMERE model performance for 

the two sites at the hourly scale. Monteiro et al. (2012) in a previous simulation of a high 

O3 episode in the Douro Norte site presented higher error statistics and similar correlation 

values. However, as the MIA values were low for all cases, a QQ statistical transformation 
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of the WRF-CHIMERE O3 simulated values was applied in order to be able to use them for 

vegetation risk assessment.  

Table 4-6. Validation statistics for daily O3 max and hourly O3 mean (April-September 
2017 period). 

Daily O3 max (ppb) Field value BIAS SD 

Ratio 

MAE MAPE 

(%) 

RMSE CORR MIA 

Douro Norte 50 (µ) 15 (σ) 5 0.57 10 21.3 12 0.68 0.46 

Quinta da Leda 55 (µ) 11 (σ) 1 0.55 7 12.7 9 0.55 0.46 

Hourly O3 mean 

(ppb) 

Field value BIAS SD 

Ratio 

MAE MAPE 

(%) 

RMSE CORR MIA 

Douro Norte 38 (µ) 12 (σ) 12 0.59 13 42.0 14 0.69 0.39 

Quinta da Leda 41 (µ) 12 (σ) 7 0.70 9 27.3 11 0.70 0.51 

 

a)   

b)    
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c)   

Figure 4-2. a) Time series, b) density plots, and c) Taylor diagrams for ground-level O3. 

Table 4-7 presents the validation statistics after the QQ transformation and Figure 4-3 

illustrates the results of the QQ transformation, in terms of monthly and hourly boxplots, 

where the spread of the simulated values is closer to that of the observed ones. 

Table 4-7. Validation statistics for QQ transformed daily O3 maxima (O3 max) and hourly 
O3 means (O3 mean). 

Daily O3 max (ppb) Field 

value 

BIAS SD 

Ratio 

MAE MAPE 

(%) 

RMSE CORR MIA 

Douro Norte 50 (µ)  

15 (σ) 

-5 1.03 9 17.2 13 0.66 0.61 

Quinta da Leda 55 (µ)  

11 (σ) 

-1 1.01 8 14.0 10 0.54 0.54 

Hourly O3 mean 

(ppb) 

Field 

value 

BIAS SD 

Ratio 

MAE MAPE 

(%) 

RMSE CORR MIA 

Douro Norte 38 (µ)  

12 (σ) 

0 0.98 7 20.5 9 0.68 0.61 

Quinta da Leda 41 (µ)  

12 (σ) 

0 1.01 7 18.7 9 0.70 0.63 

a)    
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 b)  

Figure 4-3. a) Monthly, and b) hourly boxplot O3 profiles at Quinta da Leda and Douro 
Norte. 

The QQ transformation corrected the BIAS and lowered the spread of the hourly O3 mean 

simulated data yielding a better model performance as also observed in the lower error 

MAE and RMSE statistics and higher MIA. Daily O3 max simulated values also approximated 

better the range of the observed values with a higher MIA although the effects on error 

statistics such as BIAS, MAE and RMSE were negligible. CORR was not affected by the QQ 

transformation.  

Previous studies for an elevated site such as the Douro Norte (Carvalho et al., 2010; Sousa 

et al., 2011) also highlighted a drop in values from July to September, which was captured 

by the simulations (before and after the QQ transformation). As it happened with the 

Douro Norte site, the seasonal and hourly time patterns were also well captured by the 

simulations for Quinta da Leda. Although there were no previous measurements for the 

Quinta da Leda site, which displayed a more marked hourly variation, Pires et al. (2012) 

mentioned this type of hourly behavior as typical of lower elevation rural stations in 

northern Portugal. 

Concerning AOT40 indices estimated at Quinta da Leda (Table 4-8), the measured EU May-

Jun AOT40 value (8 ppm.h) exceeded the long-target value of 3 ppm.h and was close to 

what has been set as the general standard to protect vegetation (9 ppm.h) by Directives 

2002/03/EC and 2008/50/EC. Higher mean values (11 ppm.h) were frequently observed at 

the Douro Norte monitoring station in the past (Agência Portuguesa do Ambiente, 2011, 

2009) between 2005 and 2010. Thus, probably the standard set to protect vegetation 
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would also be exceeded at Quinta da Leda for longer exposure years. The measured day 

light-based Apr-Sep AOT40 (13.8 ppm.h) exceeded the Clec (5 ppm.h) for a 5% biomass 

reduction in perennial-dominated (semi)natural vegetation and trees. The field Jun-Sep 

AOT40 reached 9.5 ppm.h but is below the specific yearly Clec values for a 10% reduction 

in yield and quality (27 ppm.h and 21 ppm.h, respectively) as set by Soja et al. (1997) for 

the Welschriesling grapevine cultivar. WRF-CHIMERE simulated values were higher (16.2 

ppm.h) than measurements and they could indicate risk of exceeding the Clec for a 10% 

reduction in monosaccharide yield over two consecutive years (11.5 ppm.h), if there was 

not ground control, and no fit to observational data, as the QQ transformation was not be 

applied. 

Table 4-8. O3 exposure indices estimated at Quinta da Leda.  

EU May-Jun AOT40 (ppm.h) Jun-Sep AOT40 (ppm.h) CLRTAP Apr-Sep AOT40 

(ppm.h) 

Field WRF-

CHIMERE 

QQ 

Trans 

Field WRF-

CHIMERE 

QQ 

Trans 

Field WRF-

CHIMERE 

QQ 

Trans 

8.1 12.3 8.5 9.5 16.2 10.6 13.8 24.5 16.6 

 

Figure 4-4 presents maps of QQ transformed AOT exposure simulated values. The daily 

mean maxima Apr-Sep O3 values show that larger values were associated to higher 

elevations in the Marão and Montemuro mountain ranges towards the northwest of the 

DDR and spread through the Douro valley across the DDR (Figure 4-4b).  Daily mean Apr-

Sep O3, EU’s May-Jun AOT40 and CLRTAP Apr-Sep AOT40 (Figure 4-4a, c and d) had similar 

spatial patterns with higher O3 concentrations associated mostly with higher elevations 

(Figure 4-4f) inside and outside the DDR and particularly affecting a transitional area 

between the Cima Corgo and the Douro Superior subregions within the DDR. The AOT40 

estimated according the procedure of Soja’s (Figure 4-4e) indicates that besides the 

previously commented areas, most of the Douro Superior subregion, with a warmer and 

drier climate, can be affected by high O3 levels between June and September (Jun-Sep). 
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a)  b)   

c)    d)  

e)   f)  

Figure 4-4. Maps of a) mean hourly O3, b) mean daily O3 max, c) EU’s directive May-Jul 
AOT40, d) CLRTAP Apr-Sep AOT40, e) Soja’s Jun-Sep AOT40, and f) elevation, as obtained 
from the WRF-CHIMERE transformed simulations and associated elevation database. 
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4.4.3 O3 uptake by stomata 

Table 4-9 and Figure 4-5 present the O3 dose values expressed as POD and POD6, based on 

measurements and simulations.  

Table 4-9. Observational and WRF-CHIMERE-based POD and POD6. 

April to September POD (mmol m-2) April to September POD6 (mmol m-2) 

Field WRF-CHIMERE QQ Trans Field WFR-CHIMERE QQ Trans 

28.3 34.1 28.2 1.2 2.4 1.2 

June to September POD (mmol m-2) June to September POD6 (mmol m-2) 

Field WRF-CHIMERE QQ Trans Field WFR-CHIMERE QQ Trans 

17.8 23.3 19.6 0.4 1.8 1.0 

 

a)  b)  

c)   d)   
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 e)    f)  

Figure 4-5. a,b) QQ transformed Apr-Sep (AS) POD and POD6 maps for the DDR, c,d) Density 
and Taylor plots for Apr-Sep first POD estimates and for e,f) QQ transformed POD at Quinta 
de Leda. 

The observational based stomatal flux and the WRF-CHIMERE based stomatal flux 

presented a similar temporal pattern at Quinta da Leda with a 17% and 50% positive 

difference for Apr-Sep POD and Apr-Sep POD6, respectively, when these are estimated 

from WRF-CHIMERE without any statistical transformation (Table 4-9). A field-

observational exceedance of the grapevine Clef for 10% reduction in monosaccharide 

concentrations over consecutive years (1.1 mmol m-2), as derived from Soja et al. (2004), 

was observed at Quinta da Leda with a POD6 of 1.2 mmol m-2. If we were to rely on the 

POD6 derived from the WRF-CHIMERE simulations (2.4 mmol m-2) as calculated here 

without any other adjustment, the grapevine Clef value for 10% reduction in 

monosaccharide concentrations would also be reached for the non-consecutive case (2.3 

mmol m-2) besides that for yield over consecutive years (2.2 mmol m-2). The modelled 

values of grapevine stomatal flux were in the range 100-250 mmol H2O m-2 s-1 (Barreales et 

al., 2018; Ribeiro et al., 2018) also corresponding to those of autochthonous grapevine 

cultivars present in the study area (e.g. ‘Touriga Franca’ and ‘Touriga Nacional) when there 

is not severe water stress condition.  

The associated QQ transformed POD and POD6 maps (Figure 4-5a and 4-5b) were also 

related with elevation showing a higher biological control where warmer and drier areas 

have lower stomatal fluxes. The Apr-Sep POD6 adjusted map (Figure 4-5b) showed that 

considerable extensions of the DDR can exceed critical values for grapevine yield and 

quality, especially in the central and eastern part of the DDR. These results clearly 

manifested the relevance of performing suitable modelling validation and parametrization 

in order to increase the accuracy of ambient O3 risk assessments for agriculture, especially 

for the grapevine case where there is still much uncertainty and lack of experimental work. 
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A significant difference was found between the field-based and the WRF-CHIMERE based 

POD data distribution (KS test p < 0.05) (Figure 4-5c) along uneven SDs ratios (Figure 4-5d) 

which were corrected after QQ transformation (Figure 4-5e, f). 

4.4.4 O3 phytotoxic risk per phenological stage  

Phenological observations are also important to appropriately assess risk. Figure 4-6 

displays O3 exposure per grapevine phenological stage (a), the age parameter that was 

specifically introduced into the used DO3SE deposition model (b), and variation of 

vegetation protection standards according to length of selected growing season (c,d). 

a)   b)  

c) d)  

Figure 4-6. a) Possible critical periods according to phenological phase, b) plant growth 
parameter derived from phenological observations, and variation of c) exposure and d) 
dose-based vegetation protection standards according to length of selected growing 
season. 
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It can be observed that in Quinta da Leda the O3 40-ppb threshold was exceeded for all 

growth stages (Figure 4-6a) reaching high values in rather sensitive stages, such as 

flowering, which in a perennial crop such as the grapevine, influences the development of 

the next growing season also affecting yield and quality. In fact, climate extremes in relation 

to early heatwaves in spring and accumulated hydric stress through the rest of the growing 

season in 2017 were reported to have had an effect in the DDR on grapevine vegetative 

growth and yield (i.e. reduction in berry weight), although the sugar and phenolic 

compound levels were considered good (ADVID, 2017). The availability of phenological 

observations for the 2017 campaign also allowed to define a specific growth stage 

parameter (Figure 4-6b) to modify stomatal conductance better representing when 

grapevine leaves are fully developed besides timing of sensitive stages (i.e. flowering) in 

relation to O3 exposure in the DDR.  

The estimation of both exposure (Figure 4-6c) and stomatal uptake standards (Figure 4-6d) 

for assessment of O3 phytotoxic risk on grapevine yield and quality was still subjected to a 

great range of variation depending on the length of the cumulative period selected to 

estimate those standards. It can be observed that even when the QQ transformed WRF-

CHIMERE simulation-based AOT40 values were closer to measurement-based values, there 

was still a tendency to overestimate them, especially through the longer Apr-Sep 

observational period. However, adjusted modelling results were very good for both Apr-

Sep and June-Sep POD and for Apr-Sep POD6, although there is still a great amount of 

overestimation for June-Sep POD6.  

4.5 DISCUSSION 

Even though the magnitude and the different signs of the errors in RCM can at times 

compensate and be within an acceptable range for purposes such as water balance 

computation (e.g. Boulard et al., 2016), it has been found in this work that these errors can 

have an effect on ambient O3 simulations inducing a relevant bias, which, in turn, can yield 

to an overestimation of cumulative standards for vegetation protection if no statistical 

transformation is used to match them with observational values. Another but not less 

relevant issue that relates with simulation bias has to do with the representativeness of 

emission inventories and their disaggregation methods. In this context, statistical 
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transformations are a suitable postprocessing tool to reproduce more reliable estimates at 

local level.  

Concerning POD estimation, it is also advisable to check that stomatal conductance values 

are in range with values measured in the field. This was possible for this study as they were 

also measured across the DDR during the field campaign, in particular along the véraison 

and maturity stages. Further work still needs to be done to better accommodate the model 

to the more severe water stress conditions that can be associated to non or controlled 

irrigated conditions, especially in the drier Cima Corgo and Douro Superior subregions. This 

could be done by effectively introducing a soil water balance parameter into the DO3SE 

model. There has not been a specific parametrization concerning the local varieties grown 

in the area either, excepting the plant growth (phenological) stage parameter. Despite 

those limitations, simulated values of stomatal conductance were representative of the 

less water stressed conditions in the DDR. Therefore, probably the Cima Corgo and Douro 

Superior subregions present larger areas that could exceed POD standards, as stomatal 

closure could exert a greater control to O3 entering the grapevine under the more severe 

water stress conditions of these regions. However, it must also be kept in mind that there 

is little knowledge on possible interaction of O3 with other concurrent environmental 

factors such as severe summer water deficit, heat waves, or strong light conditions which 

could also affect plant defense mechanisms.  

4.6 CONCLUSIONS 

The results of this work stress the relevance of performing modelling validation in order to 

increase the accuracy of high-resolution ambient O3 risk assessments for agriculture, 

especially for a case such as grapevine, where there is still much uncertainty due to the lack 

of experimental work. This is particularly important due to the grapevine production 

immense value for social, economic and environmental sustainability in Mediterranean 

areas and beyond. Both field and statistically adjusted model values indicate that 

considerable areas in the Demarcated Douro Region of Portugal exceed the critical 

exposure values for vegetation according to current European legislation standards, and 

for grapevine yield and quality criteria based on current OTC experimental knowledge. The 

simulations already included a plant growth stage parameter taking into account grapevine 

phenological observations in the study area, but further work is still required to better 
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represent the more water stressed conditions in the study area, as a soil water limiting 

factor has not yet been effectively included into the DO3SE model. These results also 

indicate the need for rethinking air-quality standards under the potential impacts of 

climate change and extreme climate events when assessing the ozone risk for strategic 

crops in Mediterranean areas, such as the grapevine. 
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5 IMPROVEMENT OF LOCAL OZONE PHYTOTOXICITY MODELLING FOR AUTOCHTHONOUS GRAPE 

CULTIVARS 

This chapter was submitted to Atmospheric Environment on 02/04/2022 as:  

Blanco-Ward, D., Ribeiro A.C., Feliciano, M., Barreales D., Paoletti, E., Miranda, A.I. 

Improvement of local ozone phytotoxicity modelling for autochthonous grape cultivars. Journal 

of Atmospheric Environment. 

I mainly contributed with performing and postprocessing the CHIMERE and DO3SE simulations and 

analysed the field campaign data. I was also responsible for the writing of the paper.   

Abstract 

The grapevine is a key crop for Mediterranean environments and is both sensitive to 

climate warming and air pollutants, of which ozone is the most damaging to crop yield and 

quality. Ambient ozone effects on the grapevine have been noticed since the late fifties but 

risk assessments are still impaired by the lack of information concerning differences in 

cultivar sensitivity, and adaptation capacity to environmental factors including drought 

conditions. This study develops a specific parametrization for autochthonous grape 

cultivars within a leaf-level stomatal flux model, the DO3SE model, coupled with a 

meteorological and atmospheric chemical transport modelling system, the WRF-CHIMERE, 

by using a renowned wine producing area, the Douro wine region of Portugal, as case study. 

The DO3SE model parametrization introduced in this study included phenology, 

photosynthetic active radiation, air temperature, air vapour pressure deficit, and leaf water 

potential as a proxy of soil water content. The modelling experiments, which included 

simulations with the current (default) Convention on Long-Range Transboundary Air 

Pollution DO3SE parametrization and with the proposed parametrization, covered a 

reference grapevine growing season (from April to September 2017), during which a 

measuring campaign was carried out. Simulation results show that the proposed 

parametrization succeeded to replicate the observed grapevine leaf-level stomatal flux 

gradient in the region. Both field and modified DO3SE model values indicate that 

considerable areas in the Douro wine region of Portugal can exceed critical phytotoxic 

ozone dose (POD) values, although with a lower and different spatial extent when 

compared to the default DO3SE parametrization for the grapevine. However, under 
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irrigated conditions, the POD values increase, and the values are close to those obtained 

with the default parametrization. Overall, the research results indicate that air quality 

management, in particular the reduction of ozone levels in the ambient air, must also be 

considered to define sustainable grape and wine production strategies in the context of 

climate and wine production management change.  

 

5.1 INTRODUCTION 

Surface ozone (O3) is considered to be by far the most phytotoxic air pollutant worldwide 

at present (Krupa et al., 2000; Sicard et al., 2017; The Royal Society, 2008).  Surface O3 has 

its main entrance through plant stomata causing foliar and tissue injury, impairing 

photosynthesis, and reducing growth, yield and quality on many agronomic and 

horticultural crops (Booker et al., 2009; Cho et al., 2011; Hayes et al., 2007). It is produced 

by a series of chemical reactions involving primary pollutants such as nitrogen oxides (NOx), 

carbon monoxide (CO) and volatile organic compounds (VOC) and is favoured by high light 

intensity and temperature conditions, such as those found in summer days (Marshall et al., 

1997; Monks et al., 2015; The Royal Society, 2008). It is expected that background levels of 

surface O3 will continue to increase globally in relation to the increasing industrialization of 

developing countries and intercontinental transport, despite the fact that emission 

reduction polices have caused a reduction of O3 peak levels, levelling off or even declining 

long-term trends in Europe, North America and Japan (Oltmans et al., 2013; Paoletti et al., 

2014; Sicard et al., 2013). Hence, it has been estimated that by 2050 global staple crop 

production of wheat, rice, maize and soybean could be reduced in more than 10%  by global 

warming alone, but those losses could even reach 40% for sensitive crops in the more 

polluted areas (Burney and Ramanathan, 2014; Tai et al., 2014). 

Perennial crops can also show a high vulnerability to ambient ozone. Based on historical 

records, Hong et al. (2020) estimated a reduction of yield from 2% (strawberries) to 22% 

(table grapes) and economic losses of approximately US $ 1 billion per year in areas with 

high ambient O3 levels in California, indicating a large opportunity to improve crop yields 

through pollution mitigation. The grapevine is the crop where the phytotoxic effects of 

ambient O3 were first noticed (Richards et al., 1959). Although it is not a food security crop, 

such as wheat, rice, soybean, maize or potato, it has immense cultural, economic and 
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ecological importance for Mediterranean areas, besides being the fruit crop with the 

largest acreage and highest economic value globally (Ponti et al., 2018). Wide regions of 

the world between latitudes 30˚ and 50°N where the grapevine has been traditionally 

cultivated are exposed to ambient O3 levels that can affect both yield and quality with 

potential yield (i.e. grape fresh weight) reductions in the range of 20-31% and reductions 

in quality (i.e. polyphenols) in the range 15-23% (Blanco-Ward et al., 2021a). 

Risk assessment studies concerning ambient O3 for a crop such as the grapevine face 

however important limitations. A first issue is that the cumulative exposure (level-I) 

approach has been extensively criticized, because it does not reflect the actual dose or flux 

of O3 entering the plant (Massman, 2004; Mauzerall and Wang, 2001; Musselman et al., 

2006; Paoletti and Manning, 2007). To overcome these limitations, a flux-based, or level-II 

approach, was developed under the Convention on Long-range Transboundary Air 

Pollution (CLRTAP) (Mills et al., 2011b). This approach has a stronger biological basis since 

it considers a Phytotoxic Ozone Dose (POD) by taking into account the O3 stomatal uptake, 

which can be understood as the amount of O3 molecules that penetrate the leaf tissue 

through the stomata as a function of ambient O3 concentration and several other critical 

environmental parameters, such as temperature, water vapour pressure, light, soil water 

potential and plant growth (phenological) stage (Emberson et al., 2000a, 2000b). Most 

commonly, the parametrization of those functions is performed by a semiempirical Jarvis 

type process model, the DO3SE model, as described and currently used by the CLRTAP 

(CLRTAP, 2017a). Even though the DO3SE model can be used to give broad estimates at the 

continental European scale (e.g. Anav et al., 2016), it does not account for the existing 

varietal and niche adaptation at the regional scale for a crop such as the grapevine. 

Furthermore, even though the standard CLRTAP DO3SE model also considers the inclusion 

of a leaf water or soil water potential factor, these are not frequently incorporated due to 

the lack of such measured data or reliable soil moisture models at the global scale (Anav et 

al., 2018; De Marco et al., 2016). Thus, although the use of stomatal flux process type 

models in combination with regional or downscaled results from climate or atmospheric 

chemical transport models is already reachable for phytotoxic O3 risk assessment for the 

grapevine at the continental (CLRTAP, 2017b) or even at regional scale (Blanco-Ward et al., 

2021b), there is still a lack of research concerning the specific parametrization for 

autochthonous cultivars also including the role of the water balance in the soil. The 
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inclusion of a soil related factor is a key issue for Mediterranean crops such as the grapevine 

where there is also the need to define irrigation policies on a sustainable basis to maintain 

yield and quality in the context of climate change (Bernardo et al., 2018; Fraga et al., 2018). 

The main purpose of this work is to develop a phytotoxic ozone risk assessment including 

specific parametrization for autochthonous grapevine cultivars and the soil water 

component, and to assess to what extent the results differ from those produced without 

refining the methodology. For this purpose, the leaf-level stomatal flux model, the DO3SE 

model, was coupled with a meteorological and atmospheric chemical transport modelling 

system, the WRF-CHIMERE, to simulate ozone phytotoxicity of grapevines from the 

Demarcated Douro Region using data from a specific field campaign. The simulation and 

the measuring campaign covered a reference grapevine growing season. 

5.2 STUDY AREA  

The Portuguese Douro Demarcated Region (DDR) is the oldest wine region in Portugal and 

is famous for its Port wine (Fraga et al., 2017). It integrates areas of both banks of the Douro 

River from the border with Spain until halfway of its course. The Douro valley stretches 

along 90 km in the west-east direction and along 50 km in the north-south direction (Figure 

5-1). 

  

Figure 5-1. The Douro Demarcated Region (DDR) with Subregions “Baixo Corgo” (R1), 
“Cima Corgo” (R2) and “Douro Superior” (R3). 
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The westernmost region is located 70 km away from the Atlantic Ocean. The landscape is 

characterized by mountainous terrain, rising above the Douro river and its tributaries, with 

moderate to steep slopes and different expositions. The average elevation in the region is 

443 m, but varies from about 40 m to a maximum of more than 1400 m. The Region covers 

about 250 thousand hectares with vineyard areas representing 43,480 ha, 17.4 % of the 

total area. It is divided into three sub-regions: Baixo Corgo with the smaller area (45,000 

ha), Cima Corgo, with intermediate extension (95,000 ha), and Douro Superior with the 

greatest extension (110,000 ha). The vineyard area for these subregions is 13368, 20270 

and 9842 ha, respectively (IVDP, 2017a). According to the last published reports, the wine 

produced in the DDR represents more than one fifth of all wine produced in Portugal (IVV, 

2018, 2017). The Touriga Nacional, Touriga Franca and Tinta Roriz (Tempranillo) grapevine 

cultivars are the most common varieties in the DDR, but many other regional varieties are 

also present in the region (Corte-Real, 2014; Santos et al., 2013). 

The DDR presents a warm Mediterranean climate with hot summers (Köppen Csa) 

(Andrade et al., 2021; Climaco et al., 2012).  The region is protected from the humid and 

cold winds of the Atlantic Ocean by two mountain ranges, Marão and Montemuro, which 

are located on its western border. The temperature increases and precipitation decreases 

from west to east. The westernmost sub-region of the Douro Valley (Baixo Corgo) is closer 

to the Atlantic Ocean and therefore more affected by the moist sea winds. The easternmost 

sub-regions are further away from the Atlantic Ocean, thus having a more continental 

climate (Corte-Real, 2014; Corte-Real et al., 2016). Low precipitation values, together with 

high temperatures and high radiation exposure, give rise to intense water and thermal 

stresses, particularly in the Cima Corgo and Douro Superior subregions (Jones and Alves, 

2012). Particularly, the 2017 April to September grape growing season, when the field 

campaign was developed, was categorized as extremely hot and dry in comparison with 

1971-2000 climatological observations (ADVID, 2017). 

5.3 METHODOLOGY 

Based on data from a field campaign, local parameterizations were included in the model 

setup and were evaluated by comparing modelling results with measured data for 

grapevine phenological development, stomatal conductance and estimated POD. This 
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section describes the field campaign, the modelling system and the POD standards to 

assess O3 phytotoxic risk for the grapevine in the study area.   

5.3.1 Field campaign 

Data for ozone phytotoxic risk assessment were gathered at three main sites (Figure 5-2), 

named Quinta A (Baixo Corgo), Quinta B (Cima Corgo) and Quinta C (Douro Superior), 

during the grapevine growing season from April to September 2017. The April to September 

growing season length is commonly taken as a valid reference grapevine growing season in 

the Northern Hemisphere (Tonietto and Carbonneau, 2004) and is also used concerning O3 

risk assessment for perennial crops and deciduous trees (Mills et al., 2018).  

 

a)  

b) c)   
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d)  e)  

Figure 5-2. a) Subregions “Baixo Corgo” (R1), “Cima Corgo” (R2) and “Douro Superior” (R3), 
along vineyard areas and observational sites. b, c, d, e) Details on field measurement 
locations of ambient ozone, meteorology and grapevine physiology. 

Furthermore, meteorological data were obtained from two meteorological stations 

(Pinhão and Vila Real) from the Portuguese Institute for the Sea and the Atmosphere, and 

three meteorological stations located at the selected places (Quinta B and Quinta C)  or 

nearby (Cambres from the Association for the Development of Viticulture in the Douro 

Region, ADVID, which is located close to Quinta A) (Figure 2).  Cambres (136 m), Quinta B 

(174 m), Pinhão (130 m) and Quinta C (228 m) are located in the Douro valley under 

Mediterranean climate conditions, whereas Vila Real (561 m) represents plateau 

conditions where there is a stronger sub-Atlantic oceanic influence (Ribeiro, 2000). 

5.3.2 Grapevine phenological and physiological data  

The phenological development of two grapevine cultivars characteristic of the DDR, 

Touriga Franca (TF) and Touriga Nacional (TN), was monitored once per week across Quinta 

A, Quinta B and Quinta C according to the Biologische Bundesanstalt, Bundessortenamt und 

CHemische Industrie (BBCH) phenological scale. Six representative plants per cultivar were 

chosen for Quinta A and Quinta C and three for Quinta B.  

Physiological measurements, namely predawn leaf water potential (Ψd) and stomatal 

conductance (gs), were also measured at the three sites on two dates, July 6th and August 

1st, 2017, which were representative of the onset of the ripening and ripening phenological 

stages, respectively. Predawn leaf water potential was monitored using a Scholander 

pressure chamber (Model 1000, PMS Instrument Company, Albany, USA) and 

measurements were performed in four fully expanded leaves per variety and location (16 

per treatment). Stomatal conductance was measured using a portable infrared analyzer 

(IRGA-LCA-4, Analytical Development Co., Hoddesdon, England). Measurements were 
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performed in eight fully expanded leaves per variety and location at 11- and 15-hours solar 

time. For Quinta C, measurements on plants subjected to deficit irrigation equivalent to the 

25% daily reference evapotranspiration (ET0) of the site were also performed. 

5.3.3 Meteorological and ambient ozone observations 

Daily data on temperature, relative humidity, incoming solar radiation and wind speed 

from Vila Real, Pinhão and Quinta C meteorological stations were used to estimate 

reference ET0 according to the FAO Penman-Monteith method (Allen et al., 1998), whereas 

the temperature records from Cambres, Quinta B and Quinta C were used to derive 

grapevine phenological thermal requirements. Moreover, an observational site for ambient 

O3 was also available at Quinta C (Figure 2), which was made operative for this study, from 

April to September 2017.  

5.4 MODELLING 

5.4.1 Modelling system  

The chemical transport model CHIMERE (Menut et al., 2013) was used to estimate ground-

level O3 exposure while the dose of O3 entering the plant was calculated based on the dry 

deposition of O3 for stomatal exchange (DO3SE) model of the European Monitoring and 

Evaluation Programme for long-range transmission of air pollutants (EMEP) (Emberson et 

al., 2000a), updated according to the last parametrizations available for grapevine (CLRTAP, 

2017c; Emberson et al., 2005). CHIMERE simulations were implemented for four nested 

domains with increasing horizontal resolution, namely 81 (D1), 27 (D2), 9 (D3), and 1 km 

(D4) (Figure 5-3).  
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Figure 5-3. Nested modelling domains implement for the WRF-CHIMERE simulations. 

Anthropogenic atmospheric emission data from the emission database of EMEP were pre-

processed for the simulation domains, as well as biogenic emissions, which were computed 

using the global Model of Emissions of Gases and Aerosols from Nature (MEGAN). Land use 

types needed by CHIMERE to calculate biogenic emissions, as well as other processes such 

as deposition, were derived from the U.S. Geological Survey (USGS) 1 km resolution land 

cover database. The CHIMERE chemical mechanism is based on the MELCHIOR scheme 

(Mailler et al., 2016). Hourly ozone results were simulated for the period between April 1st 

to September 30th, 2017, using as meteorological inputs values calculated by the Weather 

Research and Forecasting (WRF) model, which is a mesoscale numerical weather prediction 

system. Ozone and meteorological simulations were successfully validated against 

measured data as described by Blanco-Ward et al. (2021b). 

5.4.2 DO3SE parametrization for a representative grapevine cultivar in the DDR 

The DO3SE model was parametrized both for a generic grapevine and for the Touriga 

Nacional (TN) as a representative Portuguese grapevine cultivar present in the DDR. This 

model makes use of a semi-empirical multiplicative function and includes the modifying 

influence on leaf-level stomatal conductance of the phenological stage (fphen) and four 

environmental variables: photosynthetic active radiation (flight), temperature (ftemp), 

vapour pressure deficit (fvpd) and plant available water (fpaw), which can be related to soil 

water potential (fswp) or leaf water potential (flwp), as is the case in this study (CLRTAP, 

2017a): 
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𝑔𝑠 = 𝑔𝑚𝑎𝑥 ∗ 𝑓𝑝ℎ𝑒𝑛 ∗ 𝑓𝑙𝑖𝑔ℎ𝑡 ∗ max {𝑓𝑚𝑖𝑛, (𝑓𝑡𝑒𝑚𝑝 ∗ 𝑓𝑣𝑝𝑑 ∗ 𝑓𝑙𝑤𝑝)}  (1) 

fmin is the relative minimum stomatal conductance that occurs during daylight hours. The 

parameters fphen, flight, ftemp, fvpd, flwp and fmin range between 0 and 1, as a 

proportion of the species specific maximum stomatal conductance (gmax), expressed as 

mmol O3 m-2 PLA s-1, where the projected leaf area, PLA, is the total area of sunlit leaves.  

A top-leaf stomatal flux (Fst) can then be estimated from (CLRTAP, 2017a):  

𝐹𝑠𝑡 = 𝑔𝑠 ∗ [𝑂3] ∗
𝑟𝑐

𝑟𝑏+𝑟𝑐
     (2) 

where Fst has units of nmol m-2 s-1 and represents the instantaneous flux of O3 through the 

stomatal pores per unit of projected leaf area. It refers specifically to the sunlit leaves at 

the top of the canopy and is regarded as the hourly mean flux of O3 into the stomata. [O3] 

is ambient ozone at the canopy top, rc is bulk leaf surface resistance (s/m), and rb denotes 

bulk quasi-laminar resistance (s/m).  

The generic grapevine DO3SE parametrization (CLRTAP DO3SE parametrization) for flight, 

ftemp, fvpd was implemented according to the last published data for this crop (CLRTAP, 

2017c) and does not take into account fpaw through the growing season (fpaw = 1). The 

required data to configure the DO3SE model with parameters flight, ftemp, fvpd and flwp 

for Touriga Nacional (TN DO3SE parametrization) through boundary non-linear regression 

analysis were obtained from a three-year study performed on a representative vineyard in 

the DDR as compiled by Moutinho-Pereira et al. (2001) and Moutinho-Pereira (2000). The 

age component or phenological factor, fphen, was adjusted for the two cases, CLRTAP and 

TN, by phenological modelling as explained in the next section. 

5.4.2.1 Inclusion of daily phenological factor into DO3SE  

The age component was derived from the relationship between the development rate of 

the grapevine and temperature as a sum of heat degrees or growing degree days (GDD, °C 

units), which were estimated as a daily temperature summation above a temperature base 

required for a given crop to complete a specific phenological stage: 

ϴ = ∫ (𝑇 − 𝑇𝑏)𝑑𝑡         (1) 

where ϴ (°C days) represents the thermal duration of a specific phenological stage, T is the 

daily average temperature, Tb is a threshold above which there is plant development within 

that phenological stage and dt represents a daily temporal scale. A specific phenological 
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scheme partitioning the annual development cycle of the grapevine into three major 

phases (b – budburst-early leaf development to flowering, f – flowering to grape colour 

onset, and g – grape colour-ripening onset to maturity) was therefore proposed for Touriga 

Nacional (TN) and also Touriga Franca (TF) cultivars, as both are early varieties at the 

budburst and flowering stages and middle-season ones at  the maturity stage and therefore 

have similar thermal requirements (Lopes et al., 2008). This phenological model was used 

to define the required GDD to reach budburst, flowering, grape colour onset and maturity. 

This work makes use of the specific varietal GDD requirements as observed at the 

Portuguese National Ampelographic Collection (Lopes et al., 2008) for maturity and later 

observations made available specifically for the Douro Valley region (Alves et al., 2013). 

5.4.2.2 Inclusion of hourly leaf water potential factor into DO3SE  

Under sustained drought conditions, such as those found in 2017 in the DDR, it is possible 

to find a strong association between accumulated daily reference evapotranspiration (ET0) 

and predawn leaf water potential in grapevines (Gaudin et al., 2017). This relationship was 

tested both with the observed data collected in the field campaign for the three vineyards 

across the DDR under non-irrigated (NI) conditions and also for 25% ET0 deficit-irrigated 

(DI) conditions at Quinta C, and supplementary leaf water potential data reported for the 

Cima Corgo subregion through the same summer field campaign season by ADVID (2017) 

(Figure 5-4a). From the same bibliographic sources used to derive the DO3SE 

parametrization for the Touriga Nacional grapevine cultivar (i.e. Moutinho-Pereira et al., 

2001 and Moutinho-Pereira 2000), it was also possible to derive a relationship between 

predawn leaf water potential and midday leaf water potential (Figure 5-4b). Subsequently, 

a circadian function was fitted to simulate the hourly evolution of the grapevine leaf water 

potential factor under both non-irrigated and 25% ET0 deficit-irrigated conditions by setting 

predawn and midday leaf water potential to happen at 3AM and 3PM, respectively, as in 

Carbonneau et al. (2004)  (Figure 5-4c and d). Finally, a simple zoning of the grapevine leaf 

water potential as surrogate of a drought factor across the DDR was made according to the 

seasonal evolution observed at the different vineyards and literature sources that also 

indicated frequent insufficient rainfall and earlier offset of summer drought from the more 

eastern side of the Cima Corgo subregion and all of the Douro Superior subregion  (Jackson, 

2008; Jones, 2013; Jones and Alves, 2012) (Figure 5-4e,f).  
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a)  b)  

c) d)  

e)  f)  
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Figure 5-4. a) Relationship between cumulative daily ET0 and grapevine leaf water 
potential; b) Relationship between predawn and midday leaf water potential; c) Simulated 
hourly evolution of leaf water potential at Quinta C for unirrigated conditions during the 
2017 summer drought season; d) Simulated hourly evolution of leaf water potential at 
Quinta C for 25% ET0 deficit-irrigated conditions through the 2017 drought season; e) and 
f) Examples of hourly drought DDR factor maps derived for August 1st, 2017 at 7AM and 12 
PM respectively. 

5.4.3 O3 Phytotoxic Ozone Dose (POD) standards 

The ground-level vegetation risk assessment standards selected for the evaluation of the 

simulated results were: CLRTAP-based April to September POD0 (Apr-Sep POD0);  June to 

September POD0 (Jun-Sep POD0) as proposed by Soja et al. (2003) and Fumagalli et al. 

(2019) for the grapevine; CLRTAP-based April to September POD6 (Apr-Sep POD6); June to 

September POD6 (June-Sep POD6) as proposed by (Soja et al., 2004) for the grapevine. 

PODY is defined as (CLRTAP, 2017a): 

𝑃𝑂𝐷𝑌 = ∑ 𝑚𝑎𝑥(0; 𝐹𝑠𝑡 − 𝑌)∆𝑡
𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑖𝑜𝑑

     (3) 

where Fst is the instantaneous flux of O3 through the stomatal openings per unit projected 

leaf area (PLA) and ∆t is the time scale in seconds. It refers specifically to the sunlit leaves 

at the top of the canopy. It is regarded here as the hourly mean flux of O3 into the stomata. 

Y is the threshold stomatal flux per PLA and it can be related to plant defence, repair and 

detoxification processes (De Marco et al., 2016; Soja et al., 2004). Both parameters have 

units of nmol O3 m-2s-1. Critical levels based on stomatal flux (Clef) are then cumulative 

stomatal fluxes above which adverse effects may occur according to present knowledge 

(CLRTAP, 2017a). 

5.5 RESULTS 

Results presented and analysed here are organized based on the needed information for 

the local parametrization, the calculation, and the validation of the stomatal conductance 

values, namely the phenological stage and the grapevine physiology (i.e. predawn leaf 

water potential and stomatal conductance to water vapour). Comparison between values 

estimated by the CLRTAP DO3SE model and the local TN DO3SE model are also presented. 
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5.5.1 Grapevine phenology 

Grapevine phenology was estimated using field measured data and meteorological WRF 

results. Table 5-1 illustrates the dates of the main phenological phases observed in the field 

and derived from the phenological thermal modelling applied to the WRF simulations for 

the three vineyard sites (Quintas). A more detailed description on how the dates for the 

main phenological stages were derived from the field observations can be found in the 

supplementary materials (Table C-1). 

Table 5-1. Comparison between phenological dates (day of year, DOY) observed at the 
three field sites and simulated by coupling WRF daily temperatures with phenological 
modelling. 

 Quinta A Quinta B Quinta C 

 Field Simulations Field Simulations Field Simulations 

Budburst 81 82 81 88 88 95 

Flowering 123 135 123 136 123 140 

Grape colour onset 186 194 186 193 186 193 

Maturity 235 232 235 230 235 229 

 

It can be observed that the phenological thermal model is quite accurate concerning the 

bud burst at Quinta A with only one day of delay, but that this model delay increases to 7 

days at Quinta B and Quinta C. The phenological model flowering date delays between 12-

13 at Quinta A and Quinta B and up to 17 days at Quinta C. There is a decrease in model 

delay in relation to the onset of grape colour oscillating between 7 days at Quinta B and 

Quinta C and 8 days at Quinta A. The opposite happens with maturity, where the dates 

derived from the phenological simulations are ahead 3 days at Quinta A, 5 days at Quinta 

B and 6 days at Quinta C.  

Figure 5-5 (a,b,c) illustrates the dates of main phenological stages as derived from the 

thermal models applied to the WRF simulations for both Touriga Nacional and Touriga 

Franca for the main areas cultivated with grapevine within the DDR. As expected, earlier 

dates are related to sheltered sites provided by the Douro river course and its tributaries 

and the more thermic locations toward the west in the Douro Superior subregion. Figure5-

5 (d) shows the age factor for the three vineyards as derived from the phenological thermal 

model where it can also be observed that Quinta C has a later budburst date, as reported 

in the field.  
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a)  b)  

c)  d)  

Figure 5-5. Spatial phenological maps as derived from the phenological model applied  to 
the WRF simulations for budburst date (a), flowering date (b), and maturity (c) in two 
cultivars, where the units given are day of year (DOY), along with the respective 
phenological factors for the three vineyard sites (A, B and C) as derived from those maps 
(d). 

The delays of the phenological dates for bud break, flowering and grape colour onset can 

be related with the negative bias present on the WRF temperature simulations which  were 

in the range of -1.8 °C for hourly mean temperature and -3.1 ˚C for daily maximum 

temperature at Quinta C and within the range of other studies concerning validation of 

WRF simulations in the Iberian Peninsula (Blanco-Ward et al., 2021b). Errors in the range 

of up to 8 days for budbreak, 6 days for flowering, 12 days for grape colour onset have been 
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reported for grapevine using the type of phenological model used in this work (Moncur et 

al., 1989; Zapata et al., 2017). The change in the error from delay to advancement of the 

date compared to the field observations in the maturation stage can be related to an 

inhibition of the physiological development of the grapevine due to high temperatures (i.e. 

T > 35 °C), light and water deficit (Bernardo et al., 2018). Such conditions were reached 

during the summer of 2017 in the Douro region (ADVID, 2017). 

5.5.2 Grapevine physiology 

The statistical analysis of physiological measurements taken in the field are summarized in 

Figure 5-6. It can be observed that predawn leaf water potential (Ψd) and stomatal 

conductance to water vapour (gsH2O) follow a similar pattern with an increase of the 

summer stress conditions from Quinta A within the Baixo Corgo subregion or under deficit-

irrigated conditions to the higher ones at Quinta C within the Douro Superior subregion. 

Under sustained drought conditions, grapevine leaf water potentials become more 

negative through the summer whereas there is also a reduction on leaf stomatal 

conductance. 

a)  b)  
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c)   d)  

Figure 5-6. Statistical analysis summary of a) leaf water potential on July 6th, 2017, b) leaf 
water potential August 1st, 2017, c) stomatal conductance to water vapour (gsH20) on July 
6th, 2017 and (d) stomatal conductance to water vapour (gsH20) on August 1st, 2017.  
Different letters indicate significant differences between treatments (p<0.05) for each day 
of measurement. 

According to commonly used Ψd threshold values such as those proposed by Carbonneau 

et al. (2004) and Deloire et al. (2005) and the mean predawn leaf water potential values 

observed at the three vineyards, there was no sign of water deficit in the grapevines 

sampled at Quinta A on July 7th (Ψd > -0.2 MPa), a mild to moderate water deficit was 

present in the grapevines sampled at Quinta B (-0.2 MPa < Ψd < -0.4 MPa), whereas the 

water deficit reached moderate to severe conditions (-0.4 MPa < Ψd < -0.6 MPa) under 25% 

ETP0 deficit-irrigated conditions and severe to high water deficit (Ψd < - 0.6 MPa) under 

unirrigated conditions at Quinta C. As the dry and hot 2017 summer progressed, the 

grapevines sampled at Quinta A reached a mild to moderate water deficit condition while 

those sampled at Quinta B and Quinta C displayed a severe to high water deficit where 

vegetative growth was reduced or inhibited except for those plants under deficit-irrigated 

conditions, which continued within the moderate to severe Ψd range of values.   

Consistent with the works of Cifre et al. (2005), Flexas and Medrano (2002) and Medrano 

et al. (2002), it is also possible to relate gsH2O to the degree of water stress and its effects 

on photosynthesis limitations. As it happened with Ψd, the measured July 7th gsH2O values 

indicate that: there is mild or no water stress at Quinta A (150 mmol H2O m-2 s-1< gsH2O < 

500 mmol H2O m-2 s-1) where gsH2O would probably be the only limitation to photosynthesis; 
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there is mild to moderate water stress (50 mmol H2O m-2 s-1< gsH2O < 150 mmol H2O m-2 s-

1) at Quinta B and under deficit-irrigated conditions at Quinta C where stomatal limitations 

would then still be dominant and photosynthesis could be rapidly reversed upon re-

watering although non-stomatal limitations (reduced photochemistry and carboxylation 

efficiency and, eventually, photoinhibition) could also develop; and there is severe water 

stress at Quinta C under non- irrigated conditions ( gsH2O < 50 mmol H2O m-2 s-1) where non-

stomatal limitations to photosynthesis would prevail and photosynthesis would not 

recover after irrigation if the drought is prolonged. By August 1st, mild to moderate water 

stress is already present at the monitored grapevines at Quinta A, where those located at 

Quinta B are close to (TF) or present (TN) severe water stress which is definitely present at 

Quinta C under non-irrigated conditions for both cultivars. Under 25% ET0 deficit-irrigated 

conditions at Quinta C, the Touriga Franca cultivar mean gsH2O is under the 50 mmol H2O 

m-2 s-1 severe water stress threshold while Touriga Nacional is slightly above it.  

The observed Ψd and gsH2O have a good degree of coincidence in highlighting the existence 

of severe water stress condition which could inhibit photosynthesis and vegetative growth 

for the grapevines sampled at Quinta C under non-irrigated conditions from about June 6th, 

with that condition intensifying and also spreading to unirrigated grapevines at Quinta B 

from about August 1st. This coincidence was expected due to the strong correlation existing 

between these parameters (Williams and Araujo, 2002) which for both varieties reached 

the same Pearson correlation coefficient (0.88, p-value = 0.004). As it was hypothesized 

before, the photosynthetic and vegetative inhibition of the grapevines due to water stress, 

extreme temperatures and strong light conditions could contribute to the advancement of 

the phenological thermal model in comparison to the observed maturity dates. In fact, the 

advancement increases from three days of advancement, to five at Quinta B and six at 

Quinta C (without no distinction there between non-irrigated or deficit-irrigated 

conditions). A similar spatial and temporal pattern for Ψd and gsH2O was already observed 

in the DDR by Moutinho-Pereira et al. (2004). 

5.5.3 DO3SE parametrization 

The specific parameters and resulting functions used for the generic grapevine and for the 

Touriga Nacional DO3SE grapevine parametrizations can be found in Table 5-2 and Figure5- 

7. 
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Table 5-2. DO3SE parameters and functions for a generic grapevine (as available in CLRTAP 
2017) and the Touriga Nacional (TN) cultivar, as parameterized from data compiled in the 
DDR by Moutinho-Pereira et al. (2001) and Moutinho-Pereira (2000). The age component, 
fphen, was adjusted for the two cases, CLRTAP and TN, by means of the field phenological 
observations and phenological modelling as explained in section 5.4.2.1. 

Parameter Unit Vitis 
vinifera  

Touriga 
Nacional 

Function 

gmax mmol O3 
m-2 

PLA s-1 

229 250  

fmin fraction 0.01 0.05  

light unitless 0.0076 0.0046 flight= 1 – exp(light*PFD) 

where PFD is the photosynthetic photon 
flux density 

Tmin ˚C 9 9 Tmin, Tmax > T ; ftemp = fmin 

Tmin < T < Tmax ;  

ftemp = max{fmin, [(T-Tmin)/(Topt-
Tmin)]*[(Tmax- T)/(Tmax – Topt)]bt} 

bt = (Tmax – Topt)/(Topt – Tmin) 

Topt ˚C 30 30.3 

Tmax ˚C 43 44.5 

VPDmax kPa 1.6 1.4 fvpd = min{1, max{fmin,((1-
fmin)*(VPDmin-VPD)/(VPDmin – 
VPDmax))+fmin}} VPDmin kPa 6.2 7.4 

LWP α unitless  ---- -1.36 flwp = 1 / (1 + exp(α – lwp)/ β) 

LWP β unitless  ---- 0.14 

fphen_a 

fphen_1_FD 

Unitless 

˚C days 

0.2  

523  

0.2  

523 

 

fphen_b 

fphen_2_FD 

Unitless 

˚C days 

1  

360 

1  

360 

 

fphen_d 

fphen_3_FD 

Unitless 

˚C days 

1  

1573   

1  

1573 

 

fphen_e 

fphen_4_FD 

Unitless 

Days 

0.5 

273 

0.5  

273 
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a)  b)  

c)   d)  

Figure 5-7. DO3SE parametrizations used in the last revised CLRTAP DO3SE model for Vitis 
vinifera L. and obtained for Touriga Nacional (TN) in the DDR: a) light factor, b) temperature 
factor, c) vapour pressure deficit factor, and d) leaf water potential factor. 

It can be observed that gmax, Tmax, and VPDmin parameters are greater for the TN 

parametrization compared to the CLRTAP one whereas the light factor and VPDmax are 

lower. The TN parametrization reflects a greater adaptation to maintain a higher stomatal 

conductance at higher temperatures and lower VPDs although it also tends to decrease 

activity at higher VPDs and lower light flux densities than the more general CLRTAP 

grapevine parametrization. Tmin was set to 9°C, in common with the CLRTAP 

parametrization, as the available stomatal conductance measurements taken both from 

the field campaign and from bibliographic sources would not cover the colder periods of 
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the growing period being a value close to the commonly accepted 10°C base temperature 

for grapevine development activity (Corte-Real et al., 2015). The phenological growth 

component is the same for CLRTAP and TN parametrizations and is based on the thermal 

requirements and phenological observations derived from the April-September field 

campaign. The CLRTAP parametrization lacks the factor related with leaf water potential 

component as this factor is associated to specific observations made for the Touriga 

Nacional grapevine cultivar in the Douro Demarcated Region (DDR). 

Furthermore, Figure 5-8 illustrates the daily profile of gsH20 and controlling factors at Quinta 

C for both the WRF CLRTAP and TN DO3SE parametrizations. The gsH20 values remain quite 

stable, increasing along the daylight hours and decreasing in the afternoon, in the CLRTAP 

DO3SE with the temperature factor exerting the greatest control on July 6th, whereas the 

vapour pressure factor does so on August 1st.  

a)  b)   

c)   d)  



Chapter 5 | Improvement of local ozone phytotoxicity modelling. 
_________________________________________________________________________________ 

_________________________________________________________________________________ 
  
136 
 

Figure 5-8. Daily profile of stomatal conductance and environmental control factors on July 
6th (grape colour onset phenological stage) and August 1st, 2017 (maturity). Quinta C. 

For both the temperature and the vapour pressure factor, the TN DO3SE parametrization 

shows a similar hourly pattern to the CLRTAP DO3SE, but the leaf water potential factor, 

which is not included in the CLRTAP DO3SE parametrization, exerts a much greater control 

over gsH20, which increases through the summer. Figures C-2 and C-3 (in supplementary 

material) show the same type of results for the other two vineyard sites. 

5.5.4 DO3SE stomatal conductance validation 

The stomatal conductance to water vapour, gsH20, as derived from the TN DO3SE 

parametrization both through the use of meteorological station (MET) or WRF-simulated 

meteorological data is closer to the values and ranges measured in the field than the 

respective results estimated by the CLRTAP parametrization (Figure 5-9). No significant 

difference was found between WRF and MET fed DO3SE simulations.  

a) b)  

Figure 5-9. a) Statistical summary of mean group comparisons among 11AM-15PM solar 
time gsH20 values collected in the field through the three vineyard sites and those derived 
from CLRTAP and TN DO3SE-based parametrizations feed by on site meteorological 
observations (MET) and WRF simulations (WRF). b) Mean group comparisons in the field 
and derived from TN DO3SE-based parametrizations feed by on site meteorological 
observations (MET) at Quinta C under 25% ET0 deficit-irrigated conditions. 

5.5.5 DO3SE POD  

For the eastern most vineyard, Quinta C (Douro Superior), where an observational site for 

ambient O3 was also available from April to September 2017, the TN DO3SE 
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parametrization yielded lower April to September and June to September POD0 values than 

the ones derived from the CLRTAP DO3SE model (Table 3). This was expected as stomatal 

conductance values had lower values during the dry season in the TN DO3SE 

parametrization, as it has been seen previously. However, the results for 25% ET0 deficit-

irrigated conditions were close to the CLRTAP parametrization. When a 6 nmol m-2 s-1 

detoxification threshold was introduced, as in Soja et al. (2004), the TN parametrization 

gave much lower values than the CLRTAP ones, and no difference was observed between 

the deficit-irrigated and non-irrigated conditions for the TN case. 

Table 5-3. POD0 and POD6 field-based estimates from CLRTAP and TN DO3SE 
parametrizations. Values in bold indicate ozone phytotoxic risk according to the Jun-Sep 
POD0 standards set by Soja et al. (2003, 2004).  

April to September POD0 (mmol m-2) April to September POD6 (mmol m-2) 

MET-CLRTAP MET-TN MET-TN-25% ET0 MET-CLRTAP MET-TN MET-TN-25% ET0 

28.3 16.8 23.4 1.2 0.1 0.1 

WRF-CLRTAP WRF-TN  WRF-CLRTAP WRF-TN  

28.6 13.5  0.9 0.2  

June to September POD0 (mmol m-2) June to September POD6 (mmol m-2) 

MET-CLRTAP MET-TN MET-TN-25% ET0 MET-CLRTAP MET-TN MET-TN-25% ET0 

17.8 7.8 14.3 0.4 0.1 0.1 

WRF-CLRTAP WRF-TN  WRF-CLRTAP WRF-TN  

22.9 8.5  0.8 0.1  

 

The maps derived from the WRF-CHIMERE simulations involving the CLRTAP and TN DO3SE  

parametrizations for the grapevine cultivated areas in the DDR can be found in Figure 5-10.  

a) b)    
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c) d)   

e)  f)   

Figure 5-10. Apr-Sep and June-Sep POD0 and POD6 maps for non-irrigated cases, for 
CLRTAP and TN DO3SE parametrizations. 

Whereas the CLRTAP DO3SE parametrization shows values above 20 and 30 nmol m-2 along 

all the DDR for the POD0 April to September standard, the higher values derived from the 

TN DO3SE model do not exceed 30 nmol m-2 and those exceeding 20 nmol m-2 are mainly 

located in the western Baixo Corgo subregion with some minor areas in the Cima Corgo 

subregion. For the June to September POD standard, values between 20-30 nmol m-2 can 

be found across all the DDR for the CLRTAP DO3SE parametrization but they are not above 

20 nmol m-2 for the TN DO3SE model, which shows the higher values located almost 

exclusively in the Baixo and Cima Corgo subregions. Finally, the POD6 standard shows 

values between 1 and 2 nmol m-2 across all the DDR for the CLRTAP DO3SE parametrization 

but are below 1 nmol m-2 for the TN DO3SE one.  
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5.6 DISCUSSION 

Leaf water potential measurements are regularly used by the wine industry to monitor 

grapevine water stress and can be empirically related with meteorological variables, such 

as reference evapotranspiration, through the dry summers common in rain-fed 

Mediterranean environments (Bernardo et al., 2018; Gaudin et al., 2017). Thus, leaf water 

potential can be a very valuable proxy to include the soil drought factor into the DO3SE 

parametrization and it has also been already used in other POD assessment research 

studies including Mediterranean environments as in Alonso et al. (2008), and Büker et al. 

(2012). The TN DO3SE model results did not present significant differences with the gsH2O 

observed ones in the field through the summer season, while the DO3SE CLRTAP model 

overestimated these observations. This is mainly due to inclusion of the leaf water potential 

factor as a proxy of soil drought in the DO3SE TN parametrization. The same type of 

observation has been made with forest species in Mediterranean environments (De Marco 

et al., 2016). 

Although the greater proportion in the difference in the estimation of the standard POD 

values is related to the inclusion of the leaf water potential factor since early June, a cultivar 

effect can also be appreciated from before, as it can be observed in Figure 5-11.  

  

Figure 5-11. April to September POD0 cumulative increase for the CLRTAP DO3SE and the 
TN-DO3SE  parametrizations at Quinta C (Douro Superior). 

To perform a POD-based risk assessment at the regional or local scale, it is also necessary 

to consider the adaptation to the niche of the cultivars present in the study area. In this 
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case, Touriga Franca, which was also present in the DDR, had slightly higher values of Ψd 

and gsH2O under the more severe non-irrigated water stress conditions, but the 

interpretation of the possible effects in terms of the inhibition of growth and 

photosynthesis according to the keys commonly used for irrigation management, has been 

practically the same for the two grapevine varieties, as it has been previously explained.  

Phenology is also important in terms of which interval of the vegetative cycle is selected to 

estimate POD. In this regard, Touriga Franca and Touriga Nacional have also been classified 

in the same interval corresponding to cultivars of early budburst and intermediate maturity 

range (i.e. within 2068 ˚C – 2190 ˚C day to achieve the maturity stage in comparison to 

other early or late to mature cultivars) in an extensive field study involving 16 years of 

phenological observations among 34 grapevine cultivars in an experimental site at Lisbon 

(Lopes et al., 2008). 

As can also be seen in Figure 5-11, a too short phenological window from developed stages 

well after flowering from June or with low physiological activity along summers with high 

temperatures, strong light and dry conditions, characteristic in Mediterranean 

environments, could underestimate the risk. In the present study, the relevance of POD 

flux from early stages makes more advisable to use wider Apr-Sep intervals similarly to 

what has been made to assess POD risk for forest species also in Mediterranean 

environments. On the other hand, it is also known that the flowering stage is very sensitive 

for the grapevine and with effects that determine the subsequent phases or the harvests 

of future years, so it is also convenient to carry out studies that include more than one 

growing season (Guilpart et al., 2014; Soja et al., 1997). 

Although the present work was limited to a single year of observation, there is some 

indication for the TN DO3SE adapted model for the DDR that both Apr-Sep and Jun-Sep POD 

could exceed Clef associated with grapevine yield and quality as it ranges between 10 and 

20 mmol O3 PLA m-2 for many areas, specially towards the west in the Baixo Corgo and Cima 

Corgo subregions. It has also been shown for Quinta C in the eastern Douro Superior 

subregion of the DDR, which is often severely affected by summer drought, that moderate 

irrigation (25% ETo) can increase the value of POD substantially, and therefore also increase 

the risk of O3 phytotoxic damage for this area. However, the information to assess if there 

is ozone phytotoxic risk for the grapevine in the study area in relation to grape yield and 
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quality based on POD standards is currently limited by the fact that there are only two open 

top chamber (OTC) O3 fumigation  experiments that were performed in continental Austria 

and northern Italy for two varieties which are not currently grown in the DDR. For the Jun-

Sep POD0 standard, Soja et al. (2003) referred that a 10% reduction in yield is expected if 

the uptake exceeds 12.5 mmol m-2 for two consecutive years; they also noticed that sugar 

yield was more sensitive than yield with a Clef of 12.0 mmol m-2 although these results 

were limited to a three-year OTC experiment over Vitis vinifera cv. Welschriesling three-

year old plants grafted on Kober 5BB rootstock under irrigated conditions 30 km south of 

Vienna, Eastern Austria. In a later work based on the same fumigation experiment, Soja et 

al. (2004) also published Clef values for grapevine associated with the Jun-Sep POD6 index 

(stomatal O3 flux above a Y threshold of 6 nmol O3 m-2s-1). A Jun-Sep POD6 Clef of 3.5 mmol 

m-2 for a 10% reduction of grape yield was established for the first experimental year and 

2.2 mmol m-2 for the second year, whereas the values associated with a 10% reduction in 

grape monosaccharide yield were 2.3 mmol m-2 in the first year of the experiment and 1.1 

mmol m-2 in the second year. In addition to the work of Soja et al. (2003, 2004), a Jun-Sep 

POD0 exceeding 32 mmol m-2 was reported by Fumagalli et al. (2019) to have an effect on 

yield and polyphenols for cv. Merlot, which is considered a global variety as it is extensively 

cultivated through the world (OIV, 2017). 

The use of PODY thresholds has to be done carefully, because the variability of the POD 

standards calculated by the different DO3SE formulations is greater as the thresholds 

increase. The variability in the estimation of POD with thresholds with respect to variations 

in the formulation of the DO3SE model has also been observed by De Marco et al. (2016)  

and currently low threshold standards such as POD1 and POD2 are being considered for 

forest species in Mediterranean environments. 

With all of the above, the value given by the default grapevine CLRTAP DO3SE based 

parametrization can be considered a worst-case scenario where there is no limitation of 

the water available in the soil, while the refined TN DO3SE based model would be better 

adjusted to the local conditions for the studied varieties, Touriga Nacional and Touriga 

Franca. Although detailed parametrization of the DO3SE model for the local DDR grapevine 

cultivars was only possible for the Touriga Nacional (TN) case, the field campaign 

measurements indicated that the Touriga Franca (TF) cultivar stomatal fluxes fluctuate 

within the same range of values in response to drought. As both varieties share similar 
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thermal requirements for phenological stage development and present similar response in 

parameters such as leaf water potential and stomatal conductance, it could also be 

expected a similar rate of POD accumulation through the growing season. Both varieties 

are commonly grown (Corte-Real, 2014; Santos et al., 2013) and appreciated due to its 

good niche adaptation and high oenological potential in the DDR.  

Finally, climate change forecasts for the DDR indicate a reduction in cold periods and 

precipitation, in addition to an increase in temperatures, and heat waves with the 

consequent advance in the phenology of the grapevine and the accentuation of its water 

stress within this century. Traditionally, irrigation has not been allowed in the Douro region 

in order to maintain the typicity of the wines, but these conditions could favour a change 

so that the use of precision irrigation strategies becomes more extensive in order to 

maintain profitability especially in the innermost regions of the DDR, such as the Douro 

Superior subregion. The results of this study indicate that the use of precision irrigation 

could increase the phytotoxic risk of ozone for the vineyard.  

5.7 CONCLUSIONS 

The results of this research illustrate the relevance of including a specific parametrization 

for autochthonous grapevine varieties, with leaf water content as a proxy of the soil water 

balance, to perform an O3 phytotoxic risk assessment. Adapting the methodology for a 

renowned wine producing area, the Demarcated Douro Region of Portugal, not only has a 

relevant effect on the POD, but it also modifies substantially the spatial patterns of the POD 

maps produced for phytotoxic risk assessment. Both the field measurements and the TN 

DO3SE POD model estimates indicate that considerable areas in the Demarcated Douro 

Region can still exceed critical dose values for the grapevine, although with a lower extent 

when compared to the default CLRTAP DO3SE which does not include any soil water 

component for the grapevine. 25% ET0 deficit-irrigated conditions increase the fine-tuned 

TN DO3SE POD values close to the default grapevine CLRTAP DO3SE results. Thus, 

notwithstanding the information available to derive dose-response functions can only be 

approximated by limited OTC research performed with other varieties and agro-

climatological niches, a higher ozone risk of yield and quality loss is expected for deficit-

irrigated conditions. Overall, the research results indicate that air quality management, in 

particular the reduction of ozone levels in the ambient air, must also be considered to 
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define sustainable grape and wine production strategies in the context of climate and wine 

production management change. 
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6 CONCLUSIONS AND FUTURE DEVELOPMENTS 

The main objective of this Thesis was to develop and evaluate a modelling system able to 

comprehensively simulate exposure and ozone uptake for grapevines under 

Mediterranean conditions besides contributing to the current state of the art on the 

influence of climate in viticulture and wine production in the context of climate change. 

The study aimed to advance knowledge on which key factors, model formulations and 

parameterizations should be considered in order to successfully assess potential climate 

and phytotoxic O3 risk under Mediterranean conditions.  

In summary, by means of this research, it has been possible to relate the WRF-ERA recent-

past climate simulations with vintage yield and quality in the DDR. The mid-term and long 

term WRF-MPI climate scenarios revealed shifts to warmer and drier conditions not 

remaining within the ranges for quality and production. At the global level, wide regions of 

the world, mainly between latitudes 30° and 50° N, where the grapevine has been 

traditionally cultivated, are exposed to O3 concentrations that can affect both the yield and 

quality of the grape. Concerning exposure to ozone (AOT40), the 2017 WRF-CHIMERE 

simulations indicated that considerable areas of the Douro Demarcated Region of Portugal 

can exceed the critical exposure values for vegetation and the grapevine according to 

European legislation standards and current OTC research. This is also the case concerning 

phytotoxic ozone dose (POD), which could increase under irrigated conditions. However, it 

is still necessary to adopt common experimental and monitoring protocols to establish 

grapevine specific O3 relationships, as there is not yet a coherent and shared database for 

detailed risk assessment for this crop. 

The answer to each of the formulated research questions formulated as part of the 

objectives of this Thesis is presented in Section 6.1, whereas the limitations found in this 

work and its possible future developments are discussed in Section 6.2. 

6.1 MAIN FINDINGS 

Can coupled Global Climate Model-Regional Climate Model (GCM-RCM) simulations be 

related to grapevine yield and quality in order to assess potential risks in the context of 

climate change? 
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To capture the effects of climate change in grapevine’s yield and quality in mountainous 

areas it is crucial to dynamically downscale GCM to RCM and to come down to higher 

spatial resolutions through nested simulations and using selected climate indices. Despite 

the limitations of the 9 km × 9 km WRF-ERA simulations to reproduce the viticulture climate 

of an area of complex topography such as the DDR, it is still possible to select a 

representative cell or group of cells, for which the difference between the average 

modelled and observed characteristics is not relevant (e.g. the eastern subregion), to relate 

the 1986–2005 recent-past climate to vintage yield and Port wine vintage rating records in 

the area. Correlations found by using a thermal phenological model are often higher than 

those using conventional calendar-based monthly phenological divisions. Therefore, the 

phenological modelling also provided insight to understand the interactions between 

surface atmospheric conditions and vintage yield and quality in the DDR. 

Moreover, for the potential risks in the context of climate change, the WRF-MPI very-high 

1 km × 1 km resolution simulations show an important increase in summer days (SU25) and 

very hot days (SU35) and an important reduction in frost days (FD0). These variations in 

climate extreme indices could relate to a higher incidence of heatwaves and fewer chilling 

units during dormancy and could pose a threat to maintenance of vintage quality. The 

simulations also illustrate an important advancement in phenology and shortening of the 

budburst to véraison period which could also expose the berries to warmer atmospheric 

conditions. 

Concerning bioclimatic parameters and indices, there is an increase in GST, and a 

concurrent decrease in GSP, with the greatest changes taking place in the second half of 

the 21st century. The future WRF-MPI climate scenarios show a decrease in the diversity of 

WI regions towards warm or very warm areas associated with the intensive production of 

wines of intermediate quality, especially by the end of the century. HI also exhibits a 

potential change from temperate or temperate-warm conditions to warm or very warm 

conditions. In the recent past, CI was associated mainly with very cool night conditions 

which are commonly related to the production of quality wines, but from the mid-term 

future scenario there is also a marked shift to temperate night conditions, reaching even 

warm night conditions for several areas at the end of the century. Finally, DI indicates that 

there is a considerable increase in water stress, which is already considered high under the 

present climate. 
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Can the current European Monitoring and Evaluation Programme (EMEP) dry deposition 

model under CLRTAP adequately represent ozone uptake by local grapevine varieties in 

a Mediterranean area such as the DDR? 

The stomatal conductance to water vapour, gsH20, as derived from the Touriga Nacional 

(TN) DO3SE parametrization both through the use of meteorological station (MET) or WRF-

simulated meteorological data is closer to the values and ranges measured in the field than 

the respective results estimated by the CLRTAP parametrization. No significant difference 

was found between WRF and MET fed DO3SE simulations. The results of this research 

illustrate the relevance of including a specific parametrization for autochthonous grapevine 

varieties, with leaf water content as a proxy of the soil water balance, to perform an O3 

phytotoxic risk assessment. Adapting the methodology for a renowned wine producing 

area, the Demarcated Douro Region of Portugal, not only has a relevant effect on the POD 

estimates, but it also modifies substantially the spatial patterns of the POD maps produced 

for phytotoxic risk assessment. 

What are the most important variables affecting ozone uptake by grapevine in the DDR 

and how could they be taken into account by the modelling system? 

Different variables were tested and included through the multiplicative DO3SE modelling 

system, such as phenology, photosynthetic active radiation, air temperature, air vapour 

pressure deficit, and leaf water potential as a proxy of soil water content. All these variables 

are relevant to assess phytotoxic risk. Phenological observations are helpful to accurately 

describe the growing season. Photosynthetic active radiation and air temperature play 

more of a role at the initial and final stages of the growing season. Atmospheric and soil 

water deficits became the greatest environmental factors during late spring and the 

summer season. Including information regarding the soil water balance is of utmost 

importance in Mediterranean environments and this could be done through the use of a 

proxy like the leaf water content. 

From the specific parameters and resulting functions used for the generic grapevine 

CLRTAP and for the Touriga Nacional (TN) DO3SE grapevine parametrizations, it could be 

observed that gmax, Tmax, and VPDmin parameters were greater for the TN 

parametrization compared to the CLRTAP one whereas the light factor and VPDmax were 

lower. The TN parametrization reflected a greater adaptation to maintain a higher stomatal 
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conductance at higher temperatures and lower VPDs although it also tends to decrease 

activity at higher VPDs and lower light flux densities than the more general CLRTAP 

grapevine parametrization. The phenological growth component was made the same for 

CLRTAP and TN parametrizations and was based on the thermal requirements and 

phenological observations derived from the April-September 2017 field campaign. The 

CLRTAP parametrization did not include the factor related with leaf water potential 

component as this factor is associated to specific observations made for the Touriga 

Nacional grapevine cultivar in the Douro Demarcated Region. 

From the simulated daily profile of gsH20 and controlling factors at Quinta C (Douro superior 

DDR subregion) for both the WRF CLRTAP and TN DO3SE parametrizations, it could be 

observed that the gsH20 values remained quite stable, increasing along the daylight hours 

and decreasing in the afternoon, in the CLRTAP DO3SE with the temperature factor exerting 

the greatest control on July 6th, whereas the vapour pressure factor does so on August 1st. 

For both the temperature and the vapour pressure factor, the TN DO3SE parametrization 

shows a similar hourly pattern to the CLRTAP DO3SE, but the leaf water potential factor, 

which is not included in the CLRTAP DO3SE parametrization, exerts a much greater control 

over gsH20, which increases through the summer. The same type of results was obtained 

from the other two vineyard sites (Quinta A located in Baixo Corgo and Quinta B located in 

Baixo Corgo). A stronger control on stomatal conductance from the leaf water potential 

factor was also observed at the eastern, drier sites. 

Finally, it was also observed that 25% ET0 deficit-irrigated conditions increased the fine-

tuned TN DO3SE POD values close to the default grapevine CLRTAP DO3SE results. Thus, 

notwithstanding the information available to derive dose-response functions can only be 

approximated by limited OTC research performed with other varieties and agro-

climatological niches, a higher ozone risk of yield and quality loss is expected for deficit-

irrigated conditions. 

What is the actual picture concerning ozone phytotoxic risk indicators once the dry 

deposition model is refined and fitted to local observational data? 

Current ground-level O3 can already pose a potential threat for a wine producing area such 

as the Douro region in Portugal. Moreover, ambient O3 can affect grapevine yield and 

quality across wide regions of the Northern Hemisphere too. As such, ground level O3 and 
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O3 extremes should also be considered along heatwaves and drought as compromising 

factors for the grapevine. 

Concerning exposure to ambient O3 in the Douro Demarcated Region, it can be observed 

that in Quinta C (Douro superior subregion) the O3 40-ppb threshold was exceeded for all 

growth stages reaching high values in rather sensitive stages, such as flowering, which in a 

perennial crop such as the grapevine, influences the development of the next growing 

season also affecting yield and quality. 

Concerning AOT40 indices estimated at the same location, the measured EU May-Jun 

AOT40 value (8 ppm.h) exceeded the long-target value of 3 ppm.h  and was close to what 

has been set as the general standard to protect vegetation (9 ppm.h) by Directives 

2002/03/EC and 2008/50/EC. The measured day light-based Apr-Sep AOT40 (13.8 ppm.h) 

exceeded the Clec (5 ppm.h) for a 5% biomass reduction in perennial-dominated 

(semi)natural vegetation and trees. The field Jun-Sep AOT40 reached 9.5 ppm.h but is 

below the specific yearly Clec values for a 10% reduction in yield and quality (27 ppm.h and 

21 ppm.h, respectively) as set by Soja et al. (1997) for the Welschriesling grapevine cultivar. 

As for the WRF-CHIMERE modelling simulations, the daily mean maxima Apr-Sep O3 map 

values showed that larger values were associated to higher elevations in the Marão and 

Montemuro mountain ranges towards the northwest of the DDR and spread through the 

Douro valley across the DDR. The daily mean Apr-Sep O3, EU’s May-Jun AOT40 and CLRTAP 

Apr-Sep AOT40 maps had similar spatial patterns with higher O3 concentrations associated 

mostly with higher elevations inside and outside the DDR and particularly affecting a 

transitional area between the Cima Corgo and the Douro Superior subregions within the 

DDR. The AOT40 map estimated according to the procedure of Soja’s indicated that besides 

the previously commented areas, most of the Douro Superior subregion, with a warmer 

and drier climate, can be affected by high O3 levels between June and September. 

In relation to the dose-based standards, both field and  WRF-CHIMERE adjusted TN DO3SE 

POD model estimates indicated that considerable areas in the Demarcated Douro Region 

can exceed critical dose values for the grapevine, although with a lower extent when 

compared to the default CLRTAP DO3SE parametrization which does not include any soil 

water component for the grapevine.  
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The estimation of both exposure and stomatal uptake standards for assessment of O3 

phytotoxic risk on grapevine yield and quality was still subjected to a great range of 

variation depending on the length of the cumulative period selected to estimate them. 

What evidence can be derived from this work to support strategies aimed to preserve 

high-quality wine production sustainably in the context of climate change? 

Concerning O3 phytotoxic risk assessment for the DDR, the research results indicated that 

air quality management, in particular the reduction of ozone levels in the ambient air, must 

also be considered to define sustainable grape and wine production strategies in the 

context of climate and wine production management change. The reduction of O3 

precursor’s emissions (e.g. NOx and VOCs) is already contemplated by the EU National 

Emissions Ceiling Directive (NECD, 2016/2284/EU). Concerning ambient O3, the European 

Air Quality directive (2008/50/EC) sets AOT40 as the standard to monitor and protect 

vegetation. More recently, the CLRTAP has given more emphasis to the use of species-

specific stomatal flux-based standards such as POD. The POD values given by the default 

grapevine CLRTAP DO3SE based parametrization can be considered a worst-case scenario 

where there is no or less limitation of the water available in the soil, while the refined TN 

DO3SE based model ones would be better adjusted to the local conditions for the studied 

varieties, Touriga Nacional and Touriga Franca. 

Concerning climate change impact assessment several actions can be proposed to preserve 

as much as possible the DDR wine typicity in a compromise to balance as much as possible 

economic, environmental and social costs. Short-term adaptations to increased 

temperatures and water deficits include the selection of suitable rootstocks, and late-

ripening clones or varieties. Adapted training systems, and canopy management can be 

applied to reduce water consumption, delay phenology or limit solar exposure too. Soil 

management can also be considered to increase the soil water holding capacity (SWHC). 

When there is need of irrigation, precise strategies such as deficit irrigation should be 

considered. It is also possible to relocate the vineyards in the long term to cooler sites such 

as higher elevations or areas with lower solar exposures or closer to the sea. These 

relocations should also be carefully planned in order to maintain as much as possible 

freshwater resources and natural habitats. 
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6.2 FUTURE DEVELOPMENTS 

The conclusions derived from Chapter 3 (Assessment of tropospheric ozone phytotoxic 

effects on the grapevine (Vitis vinifera L.): a review) and the experience gained from the 

field campaign and modelling aspects associated to this Thesis offer a good opportunity  to 

reflect on the present limitations and opportunities to advance research. Focusing on the 

advances made since the beginning of this century, there is increased knowledge on the O3 

phytotoxic effects on the grapevine at the cellular, structural and anatomical leaf level, and 

leaf gas exchange parameters which can be accentuated depending on variety. It has also 

been verified that there is a diverse capacity for biochemical response and adaptation of 

the photosynthetic machinery and hormonal and antioxidant response depending on the 

specific cultivar too. It would be of interest to continue research on the combined effect of 

drought, high temperatures, light intensity, pests or other atmospheric compounds (e.g. 

CO2, NO2, SO2, PAN). 

To date, there is still only one series of works (Soja et al. 1997, 2003, 2004) where exposure 

or flux based ambient O3 critical levels were derived for the grapevine with grape quality 

being more sensitive than yield. However, these critical levels have not been accepted by 

CLRTAP for detailed impact assessment as they are based only on a variety grown in 

European continental conditions (e.g. Austria) and only gsto max was parameterized to 

estimate POD. Since the late 2010s, there have been studies focusing on global varieties 

such as Cabernet Sauvignon and Merlot which are second and fourth according to total 

cultivated extension in the World (341000 and 266000 ha respectively) (OIV, 2017), but 

there have not been further advances to derive ambient O3 critical levels for yield and 

quality for these varieties. As such, there is opportunity to benefit from publishing under 

common agreed standards and protocols and to develop public access databases (e.g. 

TOAR vegetation).  

There is also opportunity to perform valuable experimental O3 fumigation studies by using 

facilities, such as free air-controlled exposure experiments (FACE) overcoming the OTC 

limitations for perennial crops such as the grapevine. Other fumigation or photoprotective 

methods are also valuable considering grapevine varietal variability. As the defence 

mechanisms concerning environmental variables (e.g. solar radiation, drought, CO2 levels, 

and pest incidence) interact through common physiological mechanisms and biochemical 
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pathways, cross-tolerance studies should be promoted concerning grape adaptation to 

climate change. 

There is still very little experience concerning monitoring of grapevine health indicators in 

the field and the few isolated studies cannot be extrapolated to other regions. Similarly to 

what has been recently started to be done with trees (e.g. De Marco et al. 2019; Paoletti 

et al. 2019), it would be useful to perform research on a series of health indicators 

specifically selected for the grapevine which, for instance, could relate foliar damage (e.g. 

stipple, browning, premature leaf ageing), plant stress (e.g. Fv/Fm), leaf nutritional and 

biochemical status, yield and quality with ambient O3 along a network of selected vineyards 

also monitored for the effects of climate change. It is necessary to enforce common 

protocols so that more detailed assessments can be performed both at the global and 

regional scales. Regional assessments would need to consider different grapevine varietal 

tolerances as there is evidence of a range of sensitivities to O3 for this crop.  

Focusing more on the modelling component of this Thesis, it is clear that good progress has 

been made on the capacity to simulated high-resolution meteorology, O3 exposure and O3 

deposition over topographically complex terrains. A key issue for advancement is the 

availability of observations in the field concerning meteorology, grapevine physiology and 

ambient O3. For the DDR study area, it has been possible to have access to data from 

meteorological stations maintained by the IPMA and by interested parties related to the 

wine industry (i.e. SOGRAPE, ADVID). In that sense, the heightened awareness of the 

potential effects of climate change and the development of precision agriculture by the 

wine industry and intermediate parties also contributes fundamentally to the possibilities 

of expanding and refining research. However, the availability of ambient O3 measurements 

has been much more limited, with only one air quality measurement station maintained by 

the Portuguese Environmental Agency  located at high elevation (1086 m) and, thus, not 

being really representative of vineyard areas in the study area, and another made available 

specifically for the DOUROZONE research project which was located in a vineyard with the 

permission of one of the collaborating associates (i. e. SOGRAPE). The lack of simultaneous 

collection of ozone exposure data in vineyard areas for research purposes could be partially 

addressed in future studies through cross-tolerance studies and a network of selected 

vineyards also monitored for the effects of climate change, as has already been mentioned.  
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Another pending aspect to be developed is the projection of POD standards to future 

scenarios through modelling. Although the scope of this work regarding the modelling of 

ozone exposure and phytotoxic dose does not exceed the scope of a field campaign, light 

has been shed on the need to contemplate longer estimation times than those used up to 

now in the derivation of exposure-effect relationships of ozone for the vineyard (e.g. Jun-

Sep POD in the experimental works of Soja et al. 1997, 2003, 2004 and Fumagalli et al. 2019) 

or standards proposed as part of community directives (i.e. May-Jun AOT40). Taking into 

account the phenological advance of the vineyard with the early increase in temperatures 

and the cumulative effect of the phytotoxicity of ozone through the growing season, it 

seems more convenient to use standards such as those proposed by the CLRTAP for 

perennial-dominated (semi)–natural vegetation and trees cases (i.e. 6 months by default, 

Apr-Sep NH) or to account at least for a five-month period from May (NH). 

Despite the limitations, it has been possible to discern different situations that are already 

relevant today and that will continue to be a concern in the future, such as all those derived 

from the increase in water stress. It has been clearly observed  a difference between 

adopting a POD standard that considers the availability of water for the grapevine (i.e. the 

POD-TN specific parametrization) versus another that usually does not consider it due to 

lack of data (i.e. POD-CLRTAP). In face of the greater water stress forecasted for the 

medium- and long-term climate scenarios, the possible effect of the use of irrigation in 

order to maintain the viability of vineyards would be particularly relevant. This would also 

allow adding greater modelling precision to the biological response of the crop which is an 

aspect also to be considered along the accurate specification of future scenarios, both in 

terms of climate and emissions. 
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APPENDICES.   

A. SUPPLEMENTARY MATERIAL OF CHAPTER 2.   

Table A-1. Classes of viticultural climate for the grapevine mean growing-season 
temperature, the Winkler index, the Huglin index, the cool night index and the dryness 
index. 

Variable Classes Class limits 

Mean growing season temperature (GST) 

April-October 

Jones (2013) 

Too cold ≤ 13 °C 

Cold 13 – 15 °C 

Intermediate 15 – 17 °C 

Temperate 17 – 19 °C 

Warm 19 – 21 °C 

Very warm 21 - 24 °C 

Too warm > 24 °C 

Winkler index (WI) 

April-October 

as refined and used by Anderson et al. 

(2012) and Jones et al. (2010) based on 

Winkler et al. (1974)  

Too Cool < 850 GDD 

Region Ia 850 – 1111 GDD 

Region Ib 1111 - 1389 GDD 

Region II 1389 - 1667 GDD 

Region III 1667 - 1944 GDD 

Region IV 1944 - 2222 GDD 

Region V 2222 - 2700 GDD 

Too warm > 2700 GDD 

Huglin or Heliothermal index (HI) 

April - September 

Tonietto and Carbonneau (2004) 

Very cool (HI-3) <= 1500 

Cool (HI-2) 1500 - 1800 

Temperate (HI-1) 1800 - 2100 

Temperate warm (HI+1) 2100 - 2400 

Warm (HI+2) 2400 - 3000 

Very warm (HI+3) > 3000 

Dryness index (DI) 

April - September 

Tonietto and Carbonneau (2004) 

Very dry (DI+2) <= -100 mm 

Moderately dry (DI+1) -100 - 50 mm 

Sub-humid (DI-1) 50 – 150 mm 

Humid (DI-2) > 150 mm 

Cool night index (CI) 

April - September 

Tonietto and Carbonneau (2004) 

Very cool nights (CI+2) <= 12 °C 

Cool nights (CI+1) 12 - 14 °C 

Temperate nights (CI-1) 14 - 18 °C 

Warm nights (CI-2) > 18 °C 
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Table A-2. List of abbreviations used in this work. 

b subscript: budburst to flowering phenological stage. 

CDD: maximum number of continuous dry days (P < 1 mm) per year. 

CI: cool night index (°C). 

CSDI: cool spell duration index or total number of days being part of cool spells longer than 6 
consecutive days in duration. A day is considered to belong to a cold spell if Tmin is less than the 
calendar-day Tmin 10th percentile centred on a 5-day window for the base period studied. 

CSDI-3d: cold spell index accounting for the total number of days per year with at least 3  
continuous days with Tmin < 0 °C. 

CSDI-6d: cold spell index accounting for the total number of days per year with at least 6 
continuous days with Tmin < 0 °C. 

CWD: maximum number of continuous wet days (P ≥ 1 mm) per year. 

DDR: Douro Demarcated Region. 

DI: dryness index (mm). 

DTR: daily temperature range or annual mean difference between Tmax and Tmin (°C). 

ERA-Interim: European Reanalysis-Interim forcing. 

f subscript: flowering to véraison phenological stage. 

FD0: the number of frost days per year where Tmin < 0 °C. 

GDD: growing degree days (°C units). 

GSP: growing-season total precipitation (mm). 

GST: growing-season mean temperature (°C). 

HI: Huglin index (unitless). 

MCC: multicriteria climatic classification. 

MPI-EMS-LR: Max Plank Institute Earth System low-resolution model forcing. 

P: daily total precipitation (mm). 

R10: number of days with heavy precipitation per year (P > 10 mm). 

R20: number of days with very heavy precipitation per year (P > 20 mm). 

SU25: number of summer days per year. 

SU35: number of very hot days per year. 

SU35-f: yearly SU35 from flowering to véraison (days). 

Tave: daily mean temperature as (Tmax + Tmin)/2 (°C). 

Tmax: daily maximum temperature (°C). 

Tmax Apr-May: mean of daily maximum temperatures from April to May (°C). 

Tmax-f: mean of daily maximum temperatures from the flowering to véraison phenological stage 
(°C). 

Tmin: daily minimum temperature (°C). 

TR20: the number of tropical nights per year where Tmin > 20 °C. 

v subscript: véraison to maturity phenological stage. 

WI: Winkler index (GDD or growing degree days, °C units). 
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WRF: Weather and Research Forecasting model. 

WSDI: warm spell index accounting for the total number of days being part of warm spells longer 
than 6 consecutive days in duration. A day is considered to belong to a warm spell if Tmax is 
greater than the calendar-day Tmax 90th percentile centred on a 5-day window for the base 
period studied. 

WSDI-3d: warm spell index accounting for the total number of days per year with at least 3 
continuous days with Tmax > 35 °C. 

WSDI-6d: warm spell index accounting for the total number of days per year with at least 6 
continuous days with Tmax > 35 °C. 

 

Table A-3. Sources of vintage ratings for Port vintages. 

Source Acronym Rating 

Berry Bros & Rudd BBR 1–10 

Decanter DC 1–5 

Michael Broadbent MB 0–5 

Sotheby’s Wine Encyclopaedia SWE 0–100 

Vintages VT 0–10 

Wine Advocate WA 50–100 

Wine Enthusiast WE 50–100 

Wine Spectator WS 50–100 

Instituto dos Vinhos do Douro e do Porto IVDP 0–1 

Vintage rating charts along with their acronyms and rating intervals. The higher the value of the 
rating, the better the quality of the specific vintage wine quality evaluated. 
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Table A-4. Original vintage scores for the 1986-2005 recent-past climate scenario. 

 Vintage chart 

Vintage BBR DC IVDP MB SWE VT WA WE WS 

86   0     84  

87  3 1 3  8  85 88 

88   0     83  

89   1 3    86  

90   0 3    85  

91 7 4 1 4 95 9 90 92 93 

92 8 4 1 4 85 9 95 93 94 

93   0       

94 9 5 1 4 95 10 92 96 99 

95  1 0 3 88 9  91 92 

96  2 0 3    85  

97 8 4 1 4 90 10 89 93 96 

98 6 3 0 3 80   87  

99   0 3 75   86  

00 9 5 1 5 95 10 92 90 97 

01  4 0 3 86 8  84  

02  2 0 3 70   84  

03 8 4 1 5 94 10 90 96 98 

04  4 0 4 88 9  90  

05  5 0 5 80 8  91  

Source: Corte-Real et al. (2016). 
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Table A-5. Simulated years ordered to greater GST (˚C). 

ERA-hist MPI-hist MPI-med MPI-long 

1987 17.9173 2000 17.3588 2049 19.2282 2098 21.6467 

1990 17.5283 2004 16.5871 2059 19.1899 2097 21.4504 

2003 17.4042 2002 16.4841 2064 19.1270 2094 21.3265 

1995 17.3476 1995 16.3585 2063 18.9828 2092 21.2289 

2005 17.2309 1991 16.3525 2065 18.8678 2085 20.9843 

1989 17.2534 1999 16.2426 2061 18.6705 2096 20.8667 

1997 17.1556 1986 16.1949 2056 18.4121 2100 20.7140 

1991 16.9594 1987 16.1727 2058 18.2730 2088 20.6201 

1999 16.8471 2005 15.9104 2060 18.2130 2091 19.9178 

2004 16.7073 1997 15.5396 2048 18.1918 2086 19.8982 

1998 16.6938 1988 15.1940 2053 18.1073 2093 19.7387 

1992 16.5305 1998 15.1886 2055 18.0965 2090 19.7270 

2001 16.3799 2003 15.0170 2057 17.9884 2089 19.7069 

1996 16.2069 1989 14.9735 2047 17.4543 2081 19.7497 

2000 16.1376 1990 14.9541 2054 17.4189 2082 19.7160 

2002 15.9784 2001 14.9061 2051 17.2460 2087 19.4782 

1993 15.8506 1993 14.8413 2062 17.1187 2084 19.4377 

1988 15.7892 1992 14.8234 2046 16.7172 2095 19.3590 

1986 15.7571 1996 14.5915 2050 16.3491 2099 19.0744 

1994 15.7082 1994 13.9901 2052 16.1175 2083 18.0506 

�̅� 16.6692  15.5840  17.9885  20.1346 
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B. SUPPLEMENTARY MATERIAL OF CHAPTER 4.   

This supplement focuses on results related with temperature, global solar radiation, 

relative humidity, and wind as principal meteorological drivers related to plant O3 

exposure and phytotoxic O3 dose. 

a. Temperature 

Figure B-1 depicts temperature maps based on simulated data, as well as validation 

results from the comparison between measured and modelled values.  

a)       

b)   
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c)  (d)  

 
Figure B-1. a) Maps, b) time series, c) density plots and d) Taylor diagrams for 
temperature. 

An initial inspection of the modelled April to September (Apr-Sep) temperature maps in 

Figure B-1a confirms the expected pattern for the DDR, with warmer values associated with 

lower altitudes and greater distance from the sea both for hourly mean temperature and 

mean daily maximum temperature. The WRF simulations were successful in replicating the 

temporal evolution of daily Tmax (Figure B-1b). The standard deviation (SD) ratios indicate 

an increase from the most northwestern location (Vila Real) to the most southeastern one 

(Quinta da Leda), with a similar spread of the observed and modelled data, as observed in 

the density plots (Figure B-1c). However, the KS tests indicate that the shape of the 

distributions was not the same for the Pinhão and Quinta da Leda locations at the 99% 

confidence level and that the same happened for Vila Real at the 95% confidence level. 

b. Global solar radiation 

Figure B-2a shows the pattern of mean hourly Rad and mean daily Radmax as derived from 

the WRF April-September 2017 simulations. There are areas where both elevation and 

slope orientation play a role in the global solar radiation regime with lower elevations at 

the bottom of the valleys and northern slope orientations receiving less radiation. The 

further west areas receive much less solar global radiation, which can be related to the 

Marão and Montemuro mountain ranges. 
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a)      

b)   

c)  
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 d)   

Figure B-2.  a) Maps, b) time series, c) density plots and d) Taylor diagrams for global solar 
radiation. 

There was a better match between measured and modelled daily Radmax for Vila Real and 

Pinhão than for Quinta da Leda. Quinta da Leda was also distinctive for displaying a clear 

negative bias which was clearly observable in the respective time series plot (Figure B-2b). 

It can also be noted that the measured Radmax displayed the same NW-SE increasing trend 

as observed for daily Tmax, and hourly Tmean.  Modelled Radmax data probability 

distributions also showed a better match for Vila Real and Pinhão than for Quinta da Leda 

(Figure B-2c).  

c. Relative humidity 

Figure B-3a presents the spatial pattern of the modelled mean hourly RH and mean daily 

RHmin. The mapped values of relative humidity estimated by WRF decreased towards the 

east and with lower elevations in the DDR.  As expected, mean hourly RH and daily RHmin 

values followed an inverse pattern to what was found for hourly Tmean and daily Tmax, 

with similar values in Quinta da Leda and Pinhão, at the southeastern corner and central 

part of the DDR, and higher values for Vila Real in its northwestern side (Figure B-3b). A 

better performance of the simulations was found for the Vila Real location, where the 

equality of the distribution between observed and modelled data hypothesis was accepted 

by the KS test (Figure B-3c).    
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a)   

b)   c) 
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d)   

Figure B-3. a) Maps, b) time series, c) density plots and d) Taylor diagrams for relative 
humidity. 

d. Wind speed and direction. 

The mean 2017 Apr-Sep hourly Ws and predominant daily Wd maps for the DDR derived 

from the WRF simulations can be found in Figure B-4a. According to these simulations, 

higher Ws in the study area was associated with higher elevation, and predominant Wd 

corresponded to winds coming from the NW with some minor occurrence from winds 

coming from the NE.  

a)    

b)    
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c)    

d)    

Figure B-4. a) Maps of mean hourly Ws and predominant daily Wd, b) hourly Ws Taylor 
diagrams, c) field-based daily Wdmean wind roses, and d) simulation-based Wdmean 
wind roses.  

Overall, the Taylor diagrams for hourly Ws were similar for the three locations (Figure B-

4b). The observed daily mean Apr-Sep wind direction (Wdmean) indicated NW-W winds at 

the three locations (Vila Real 284°, Pinhão 336° and Quinta da Leda 279°) (Figure B-4c). A 

great divergence in the simulated Wdmean rose diagrams (Figure B-4d) was observed at 

Pinhão indicating a lower physical meaning for simulated Wdmean for this location. 
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C. SUPPLEMENTARY MATERIAL OF CHAPTER 5.   

a. Methodology 

• Field campaign 

Table C-1. Field phenological dates. 

Phenological stage Quinta A (Baixo 
Corgo) 

Quinta B (Cima 
Corgo) 

Quinta C (Douro 
Superior) 

Budburst/early leaf dev. 
22-3 (Quintas A and B) 
29-3 (Quinta C) 

TF: 6 (14D, 15I) 
TN: 6 (12D, 13I) 

TF: 2 (12D, 13I),  
       1 (11D, 12I) 
TN: 2 (9D, 11I) 
        1 (11D, 12I) 

TF: 2 (9D, 9I),       
       2(11D, 9I), 
       1(11D,1I), 
       1(11D,12I) 
TN: 3(7D,9I) 
        1 (9D,9I) 
        2 (9D,12I)        

Flowering (3-5) 
 

TF: 2 (61D, 62I),  
      2 (61D, 63I),  
      1 (62D, 64I),  
      1 (63D, 64I) 
TN: 4 (61D, 63I),  
        2 (60D, 61I) 

TF: 1 (60D, 61I),  
       2 (62D, 63I) 
TN: 3 (62D, 61I) 

TF: 4 (57D, 60I) 
       1 (60D, 60I) 
       1 (61D, 63I)  
TN: 2 (57D, 60I),  
       1 (60D, 61I),  
       2 (55D,60I) 
       1 (57D, 61D)  

Grape colour onset (5-7) TF-TN:  6 (81D, 83I) TF-TN:  3 (81D, 
83I) 

TF-TN: 6 (81D, 83I) 

Maturity (23-8) TF-TN:  6 (89D, 89I) TF-TN: 3 (89D, 89I) TF-TN: 6 (89D, 89I) 

Early senescence (13-9) TF-TN: 6 (91 D, 91I) TF-TN: 3 (91 D, 
91I) 

TF-TN: 6 (91 D, 91I) 

Leaf discolouration/fall 
(27-9) 

TF: 6 (93D, 93I) 
TN: 6 (92D, 93I) 

TF-TN: 3 (93 D, 
93I) 

TF-TN: 6 (93 D, 93I) 

The phenological summary for each of the cultivars is expressed as the number of plants 

that have reached a given BBCH phenological stage for Touriga Franca (TF) and Touriga 

Nacional (TN) Portuguese grapevine cultivars. BBCH code 7 stands for beginning of 

budburst, 9 green shoot tips clearly visible, 11-15 one to five leaves unfolded and spread 

away from shoot, 55 inflorescences swelling, 57 inflorescences fully developed, 60 first 

flower hoods detached from the receptacle, 61-63 10% to 30% of flower hoods fallen, 81 

beginning of ripening, 83 berries developing colour, 89 berries ripe for harvest, 91 end of 

wood maturation, 92 beginning of leaf discolouration, and 93 beginning of leaf-fall. For this 

specific monitoring, letters D and I are used to indicate a dominant or incipient stage 

manifestation. For instance, 3 (7D, 9I) corresponds with 3 grapevine plants reaching the 

beginning of bud burst (BBCH code 7) as a dominant stage which also start to manifest the 

green shoot tips clearly visible stage (BBCH code 9) 
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b. Results 

This supplement focuses on results related with reference potential evapotranspiration 

(ET0), the specific parameters and functions used for the DO3SE CLRTAP and Touriga 

Nacional (TN) parametrizations, and the respective evolution of the stomatal control 

factors for Quinta A (Baixo Corgo DDR subregion) and Quinta B (Cima Corgo DDR 

subregion).  

• Reference Potential Evapotranspiration 

Penman-Monteith reference potential evapotranspiration (ET0) (Allen et al., 1998) was 

estimated from field meteorological observations and WRF simulations at the daily scale 

for Vila Real (Baixo Corgo), Pinhão (Cima Corgo) and Quinta C (Douro Superior) from April 

to September 2017. Figure 5-12S illustrates the time series plots, the probability 

distributions along a statistical, the Kolmogorov-Smirnov (KS) test, and the scatter plots for 

the estimated ET0 based on the field meteorological observations and the WRF-simulations 

for the three sites. The time series of the field and WRF-based ET0 values follow similar 

temporal series, the KS test indicates equal distributions at the 95% confidence level for 

Pinhão and Quinta C and at the 99% confidence level for Vila Real, and the scatter plots 

indicates a strong linear relationship between the field meteorological-based estimations 

and the WRF-simulation-based ones for all cases.  In table C-2, evaluation metrics, such as 

the bias (BIAS),  the mean absolute error (MAE), the mean absolute percent error (MAPE), 

the root mean square error (RMSE), the Pearson’s correlation coefficient (CORR), and the 

ratio of the standard deviation between modelled and observed variables (SD Ratio) also 

indicate strong correlation, small differences and similar data spread between daily ET0 

estimated from meteorological observations and ET0 estimated from WRF simulations. The 

WRF-based ET0 values have a small positive bias with respect to the meteorological station-

based ET0 values.  
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a)  b)  c)   a)

  b)  c)  

a)   b)  c)  

Figure C-1. Time series, b) density plots and d) scatter plots for ET0. 

Table C-2. Validation statistics for daily ET0 (April-September 2017 period). 

Daily simulations Field mean CORR BIAS RMSE MAE MAPE (%) SD Ratio 

Vila Real ET0 (mm) 4.78 0.89 0.48 0.81 0.62 14.5% 1.08 

Pinhao ET0 (mm) 5.70 0.85 0.16 0.82 0.63 11.9% 1.20 

Quinta C ET0 (mm) 5.44 0.86 0.22 0.80 0.58 11.9% 1.02 

 

• CLRTAP and Touriga Nacional DO3SE parameters and functions 

Figures C-2 and C-3show the evolution of stomatal conductance (gsH2O) and its controlling 

factors at Quinta A (Baixo Corgo) and Quinta B (Cima Corgo). As it was already illustrated 

for Quinta C (Douro Superior) in the main manuscript, temperature exerts the main control 

during the day early in July whereas the vpd factor does so in August in the DO3SE CLRAP 

parametrization. The DO3SE TN parametrization show a similar hourly pattern for both the 
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temperature and the vapour pressure factor but the leaf water potential factor, which is 

not included in the DO3SE CLRTAP parametrization, exerts a much greater limit to stomatal 

conductance, which increases through the summer. A stronger control on stomatal 

conductance from the leaf water potential factor is also observed at the eastern, drier sites.  

a)   b)  

c)  d)  

Figure C-2. Evolution of stomatal conductance and environmental control factors on July 
6th and August 1st 2017 at Quinta da A (Baixo Corgo subregion).  
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a)  b)   

c)   d)  

Figure C-3. Evolution of stomatal conductance and environmental control factors on July 
6th and August 1st 2017 at Quinta B (Cima Corgo subregion).
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