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ABSTRACT 

In Portugal, and particularly in the Demarcated Region of Douro (DDR), wine production 

has a great tradition, producing the unique and worldwide famous Port wine as well as other 

remarkably good table wines. In this study the impact of projected climate change to wine 

production is analysed for the DDR. A statistical grapevine yield model (GYM) is developed 

using climate parameters as predictors. Statistically significant correlations are identified 

between annual yield and monthly mean temperatures and monthly precipitation totals during 

the growing cycle of grapevines. Close relationships between these climatic elements are 

found that influence the annual yield, with the GYM explaining over 50% of the total 

variance in the yield time series in recent decades. Furthermore, results point out a clear 

relationship between the vegetative cycle of grapevines and their basic climatic requirements: 

anomalously high (low) precipitations in March, during bud break, shoot and inflorescence 

development are favourable (adverse) to yield, while anomalously high temperatures in May 

(bloom) and June (berry development) favour yield. The GYM is applied to output from the 

regional climate model COSMO-CLM, which is shown to skilfully reproduce the GYM 

predictors. Considering ensemble simulations under the A1B emission scenario, a slight 

upward trend in yield is estimated to occur until about 2050, followed by a steep and 

continuous increase until the end of the 21st century, when yield is projected to be about 800 

kg/ha above its current values. The results emphasise the potential of using GYM coupled 

with regional atmospheric models to assess variations in grapevine yield owed to climate 

change. Complementary studies are in process in order to evaluate possible phenological 

shifts and wine quality impacts. 
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INTRODUCTION  

Portugal ranks in the eleventh position of wine-producing countries (approximately 3% of 

global production in 2006) and fifth in the European Union (over 4% of EU production in 

2007) (IVV, 2008). The Douro Region produces the unique and world famous Port Wine 

(approximately 50% of the regional wine volume) and other remarkably high-quality table 

wines. Located in North-eastern Portugal, in a very mountainous region within the Douro 

River basin, the Demarcated Region of Douro (DRD) spreads over a total area of 

approximately 250 000 ha (Fig. 1), from which around 16% is planted with vineyards. The 

geomorphology of DRD consists essentially of schist with occasional outcrops of granite. The 

prevailing Mediterranean climate is particularly favourable to the production of balanced 

composition wines. Climate-mean annual precipitation values vary from 400-900 mm, with 
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only about 30% falling from April to September, whereas climate-mean monthly temperatures 

range from 5-8ºC up to 21-24ºC. According to the climate maturity grouping (Jones et al., 

2005), the growing season can be defined as “warm” (April-October mean temperature of 

about 18ºC). In terms of phenology, depending upon the variety and site, budburst typically 

occurs in March, followed by flowering/blooming in May, véraison (berries start to soften and 

turn colour and signal the beginning of the ripening process) in July and ripe maturation in 

September (Malheiro, 2005). 

Atmospheric factors strongly control grapevine growth and development by primarily 

affecting photosynthetic rates. Photosynthesis is also stimulated by increasing CO2 

concentration, which may result in greater accumulation of total biomass (Tate, 2001). Other 

effects of temperature increases may result in a general anticipation of the phenological 

events, which may lead to undesirable grape and wine characteristics (Jones, 2006). Climate 

change imposes an additional challenge for wine production, as global instrumental 

atmospheric records reveal significant climate change signals (Trenberth et al., 2007). 

Moreover, above average global warming and drying are predicted for Southern Europe 

(Meehl et al., 2007). These projected changes might have significant impacts in wine 

production and quality (Schultz, 2000). In fact, weather and climate are among the 

environmental factors that most influence the quality and characteristics of grapes and wines 

(Spellman, 1999). While extreme weather events may cause important yield losses, changes in 

climate may modify the grapevine phenological cycle, disease/pest patterns, ripening 

potential, wine characteristics and yield (Jones et al., 2005). 

The growing season average temperatures have risen over the past 50 years in several high-

quality wine regions (Jones et al., 2005). Therefore, some wine regions in Southern Europe 

may already be at the limit of ideal conditions for high-quality production. Other works also 

referred the possibility of changing geographical locations of production due to changes in 

temperature, precipitation or increased CO2 (Schultz, 2000). The observed and predicted 

warming over the last and future years can both have benefits and disadvantages on viticulture 

depending on the region. Most of the earlier regional studies have discussed the impact of 

climate change on wine quality (Orlandini et al., 2005; White et al., 2006) and on yield (Bindi 

et al., 1996; Lobell et al., 2006) considering GCM scenarios. However, the relatively coarse 

spatial resolution of these models is a clear limitation for a small and hilly region such as the 

Douro valley, for which a downscaling strategy considering a regional climate model (RCM) 

is more appropriate. Taking into account that wine production is the leading economic activity 

in DRD, both the development of a statistical approach for regional grapevine yield modelling 

and the assessment of the potential changes in yield under human-induced climate change are 

of utmost relevance for this region. 

 

MATERIALS AND METHODS 

The grapevine yield time series for the DRD was provided by the Portuguese Institute for 

Statistics (INE; http://www.ine.pt/) for 1986-2008 (23 years). Plant productivity is controlled 

by a large variety of factors, but only the atmospheric factors are considered here. Daily time 

series of precipitation and temperature recorded at the meteorological station of Vila Real 

(within the DRD at 41.3ºN and 7.7ºW) are used for the yield modelling. Future grapevine 

yield projections are carried out using climate model data: two ensemble simulations of the 

recent-past climate (1960-2000; C20; Lautenschlager et al., 2009a,b) with and two 

integrations (2001-2100; Lautenschlager et al., 2009c,d) under the IPCC A1B scenario 

(Nakienovi et al. 2000). 

 
Fig. 1 Map showing the geographical location of the Douro Valley (DV; grey box) 

 

The COSMO-CLM (Consortium for Small-scale Modelling, hereafter CLM; Böhm et al., 

2006) was nested in ECHAM5/MPI-OM1 (Roeckner et al., 2006) for downscaling purposes 

(approximate resolution of 18 km. Only data for the Douro Valley sector (DV: 41.0-41.4ºN; 

7.0-7.8ºW; Fig. 1) was extracted. Area-means of the atmospheric variables were then 

computed for the yield modelling. Several atmospheric variables were considered in an 

exploratory study, but only monthly mean temperatures (T) and monthly precipitation totals 

(R) show statistically significant correlations with yield. 

 

RESULTS AND DISCUSSION  

Grapevine yield shows strong inter-annual variability in 1986-2008 (Fig. 2). In fact, in 1988 

or 1998 the yield was slightly above 1500 kg/ha (two lowest values), while in 1990 it 

exceeded 4500 kg/ha (nearly three times higher than the lowest values). This remarkably high 

variability has important economic implications in the wine production sector, particularly 

due to the high irregularity of the production combined with the absence of reliable and timely 

predictions of yield. According to the Spearman and Mann-Kendall non-parametric trend 

tests, there is no statistically significant trend at a significance level of 5%. 
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Fig. 2 Observed grapevine yield (Obs Yield) in the DRD in 1986-2008 and the corresponding 95% lower (LL95) 

and upper (UL95) confidence levels of the modelled time series 

 

A multivariate linear regression model is adjusted to grapevine yield time series using the 

full set of selected potential predictors (monthly mean temperatures and monthly precipitation 

totals) in 1986-2008. A stepwise methodology is applied to select the most significant 

predictors: March (R-March), May (R-May) and June (R-June) precipitation totals and May 

(T-May) and June (T-June) monthly mean temperatures (5 predictors). The R-squared statistic 
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only about 30% falling from April to September, whereas climate-mean monthly temperatures 

range from 5-8ºC up to 21-24ºC. According to the climate maturity grouping (Jones et al., 

2005), the growing season can be defined as “warm” (April-October mean temperature of 

about 18ºC). In terms of phenology, depending upon the variety and site, budburst typically 

occurs in March, followed by flowering/blooming in May, véraison (berries start to soften and 

turn colour and signal the beginning of the ripening process) in July and ripe maturation in 

September (Malheiro, 2005). 

Atmospheric factors strongly control grapevine growth and development by primarily 

affecting photosynthetic rates. Photosynthesis is also stimulated by increasing CO2 

concentration, which may result in greater accumulation of total biomass (Tate, 2001). Other 

effects of temperature increases may result in a general anticipation of the phenological 

events, which may lead to undesirable grape and wine characteristics (Jones, 2006). Climate 

change imposes an additional challenge for wine production, as global instrumental 

atmospheric records reveal significant climate change signals (Trenberth et al., 2007). 

Moreover, above average global warming and drying are predicted for Southern Europe 

(Meehl et al., 2007). These projected changes might have significant impacts in wine 

production and quality (Schultz, 2000). In fact, weather and climate are among the 

environmental factors that most influence the quality and characteristics of grapes and wines 

(Spellman, 1999). While extreme weather events may cause important yield losses, changes in 

climate may modify the grapevine phenological cycle, disease/pest patterns, ripening 

potential, wine characteristics and yield (Jones et al., 2005). 

The growing season average temperatures have risen over the past 50 years in several high-

quality wine regions (Jones et al., 2005). Therefore, some wine regions in Southern Europe 

may already be at the limit of ideal conditions for high-quality production. Other works also 

referred the possibility of changing geographical locations of production due to changes in 

temperature, precipitation or increased CO2 (Schultz, 2000). The observed and predicted 

warming over the last and future years can both have benefits and disadvantages on viticulture 

depending on the region. Most of the earlier regional studies have discussed the impact of 

climate change on wine quality (Orlandini et al., 2005; White et al., 2006) and on yield (Bindi 

et al., 1996; Lobell et al., 2006) considering GCM scenarios. However, the relatively coarse 

spatial resolution of these models is a clear limitation for a small and hilly region such as the 

Douro valley, for which a downscaling strategy considering a regional climate model (RCM) 

is more appropriate. Taking into account that wine production is the leading economic activity 

in DRD, both the development of a statistical approach for regional grapevine yield modelling 

and the assessment of the potential changes in yield under human-induced climate change are 

of utmost relevance for this region. 

 

MATERIALS AND METHODS 

The grapevine yield time series for the DRD was provided by the Portuguese Institute for 

Statistics (INE; http://www.ine.pt/) for 1986-2008 (23 years). Plant productivity is controlled 

by a large variety of factors, but only the atmospheric factors are considered here. Daily time 

series of precipitation and temperature recorded at the meteorological station of Vila Real 

(within the DRD at 41.3ºN and 7.7ºW) are used for the yield modelling. Future grapevine 

yield projections are carried out using climate model data: two ensemble simulations of the 

recent-past climate (1960-2000; C20; Lautenschlager et al., 2009a,b) with and two 

integrations (2001-2100; Lautenschlager et al., 2009c,d) under the IPCC A1B scenario 

(Nakienovi et al. 2000). 

 
Fig. 1 Map showing the geographical location of the Douro Valley (DV; grey box) 

 

The COSMO-CLM (Consortium for Small-scale Modelling, hereafter CLM; Böhm et al., 

2006) was nested in ECHAM5/MPI-OM1 (Roeckner et al., 2006) for downscaling purposes 

(approximate resolution of 18 km. Only data for the Douro Valley sector (DV: 41.0-41.4ºN; 

7.0-7.8ºW; Fig. 1) was extracted. Area-means of the atmospheric variables were then 

computed for the yield modelling. Several atmospheric variables were considered in an 

exploratory study, but only monthly mean temperatures (T) and monthly precipitation totals 

(R) show statistically significant correlations with yield. 

 

RESULTS AND DISCUSSION  

Grapevine yield shows strong inter-annual variability in 1986-2008 (Fig. 2). In fact, in 1988 

or 1998 the yield was slightly above 1500 kg/ha (two lowest values), while in 1990 it 

exceeded 4500 kg/ha (nearly three times higher than the lowest values). This remarkably high 

variability has important economic implications in the wine production sector, particularly 

due to the high irregularity of the production combined with the absence of reliable and timely 

predictions of yield. According to the Spearman and Mann-Kendall non-parametric trend 

tests, there is no statistically significant trend at a significance level of 5%. 
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Fig. 2 Observed grapevine yield (Obs Yield) in the DRD in 1986-2008 and the corresponding 95% lower (LL95) 

and upper (UL95) confidence levels of the modelled time series 

 

A multivariate linear regression model is adjusted to grapevine yield time series using the 

full set of selected potential predictors (monthly mean temperatures and monthly precipitation 

totals) in 1986-2008. A stepwise methodology is applied to select the most significant 

predictors: March (R-March), May (R-May) and June (R-June) precipitation totals and May 

(T-May) and June (T-June) monthly mean temperatures (5 predictors). The R-squared statistic 
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between observed and modelled grapevine yield is 62%, highlighting the high skill of the 

model when taking into account the complexity of the governing processes. The time series of 

the modelled yield is in good agreement with observations, i.e., the observed yields are within 

the 95% confidence interval of modelled yield (Fig. 2), despite some noteworthy 

discrepancies in 1990 and 1996, where the modelled value is clearly underestimated, and the 

overestimation of the very low yield in 1998. These discrepancies are related to extreme daily 

atmospheric events that are not taken into account in the model. The values of the regression 

coefficients (not shown) show that anomalously high (low) precipitation in March (May and 

June) is favourable to yield, whilst anomalously high temperatures in May and June favour 

yield. These results are in agreement with previous studies (e.g. Ramos et al., 2008) and with 

the critical stages of the grapevine vegetative cycle; high precipitation in early spring (shoot 

and inflorescence development) and relatively low precipitation and high temperatures in late 

spring (flowering in May and berry development in June) are favourable to grapevine yield. 
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Fig. 3 Future scenario for GYM-derived grapevine yield in DV, based on the A1B SRES emission scenario from 

CLM. Black curve represents the two-member ensemble mean and lines within grey curves represent the total 

range within the ensemble. All time series were previously filtered using an 11-year centred moving average 

 

The high skill of GYM using observational data enables its application to RCM data. 

Changes in predictors during the 21
st
 century show that there is a sustained decrease 

(increase) in precipitation (temperatures) in May and June, though March precipitation does 

not undergo significant changes (not shown). These projected changes in predictors have 

direct implications in the modelled yield. Reduction in May and June precipitation, 

stabilization of March precipitation and increases in May and June temperatures jointly imply 

an increase in projected yield. In fact, combining all changes in the five predictors, GYM-

derived yield is expected to undergo a sustained upward trend. This upward trend can be 

analysed in greater detail by plotting the time series of the projected yield (Fig. 3). An 11-year 

centered moving average (low-pass filter) was applied beforehand to the projected time series, 

reducing irrelevant high-frequency variability. During the first half of the 21
st
 century there is 

a slightly positive trend that is replaced by a much steeper upward trend in the period 2050-

2080, followed by a gradual stabilization. 

 

CONCLUSIONS 

Results show that anomalously high March rainfall (during budburst, shoot and 

inflorescence development) and anomalously high temperatures and low precipitation totals in 

May and June (May: flowering, and June: berry development) tend to favour grapevine yield. 

The wine production sector in the DRD faces other challenges related to the impacts of 

climate change. Our yield estimates based on CLM data and under the A1B scenario reveal 

that the current yields are expected to increase about 800 kg/ha until the end of the 21
st
 

century. Larger grape yields are generally associated with higher economic risk (Webb et al., 

2008) and poorer wine quality by affecting the leaf area/fruit weight ratio (Jackson and 

Lombard, 1993). Although the present predictions are far below the imposed legal limit of 

7500 kg/ha for the DRD, in a warmer environment the harvest date may be brought forward 

into warmer periods of the year (Jones, 2006), which might lead to unbalanced wines with 

little acidity and excessive alcohol, particularly in the eastern and warmer part of the DRD 

(Upper Douro). The projected rise in CO2 concentration can also produce an increase in net 

photosynthesis, biomass and grapevine yield (Moutinho-Pereira et al., 2009). In the present 

study, the influence of CO2 enrichment is only included through its influence on the large 

scale meteorological elements (temperature and precipitation). The direct influence of 

enhanced CO2 on plant physiology/primary production was not taken into account. Under 

future climate conditions the effect of the increasing CO2 concentration could be potentially 

added to the yield estimations, but as the quantification of this factor is still far from being 

confirmed. Nevertheless, the present outcomes state that taking into account recent-past 

relationships between yield, a limited number of atmospheric factors and a GCM/RCM 

combination, grapevine yield in the DRD is expected to undergo an upward trend until the 

end of this century, which might be further enhanced by the projected upward trend in the 

CO2 concentration. 
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between observed and modelled grapevine yield is 62%, highlighting the high skill of the 

model when taking into account the complexity of the governing processes. The time series of 

the modelled yield is in good agreement with observations, i.e., the observed yields are within 

the 95% confidence interval of modelled yield (Fig. 2), despite some noteworthy 

discrepancies in 1990 and 1996, where the modelled value is clearly underestimated, and the 

overestimation of the very low yield in 1998. These discrepancies are related to extreme daily 

atmospheric events that are not taken into account in the model. The values of the regression 

coefficients (not shown) show that anomalously high (low) precipitation in March (May and 

June) is favourable to yield, whilst anomalously high temperatures in May and June favour 

yield. These results are in agreement with previous studies (e.g. Ramos et al., 2008) and with 

the critical stages of the grapevine vegetative cycle; high precipitation in early spring (shoot 

and inflorescence development) and relatively low precipitation and high temperatures in late 

spring (flowering in May and berry development in June) are favourable to grapevine yield. 
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Fig. 3 Future scenario for GYM-derived grapevine yield in DV, based on the A1B SRES emission scenario from 

CLM. Black curve represents the two-member ensemble mean and lines within grey curves represent the total 

range within the ensemble. All time series were previously filtered using an 11-year centred moving average 

 

The high skill of GYM using observational data enables its application to RCM data. 
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not undergo significant changes (not shown). These projected changes in predictors have 

direct implications in the modelled yield. Reduction in May and June precipitation, 

stabilization of March precipitation and increases in May and June temperatures jointly imply 

an increase in projected yield. In fact, combining all changes in the five predictors, GYM-

derived yield is expected to undergo a sustained upward trend. This upward trend can be 

analysed in greater detail by plotting the time series of the projected yield (Fig. 3). An 11-year 
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reducing irrelevant high-frequency variability. During the first half of the 21
st
 century there is 

a slightly positive trend that is replaced by a much steeper upward trend in the period 2050-

2080, followed by a gradual stabilization. 
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RESUME 

Dans les études des terroirs, il est souvent délicat d’établir des zonages et de mesurer les 
effets de l’environnement sur les vins. Avec plus d’un million d’hectares dans l’aire 
d’appellation délimitée, le terroir du célèbre vignoble de Cognac est bien connu pour ces 
eaux-de-vie et ainsi divisé en 6 crus. 

Cette étude vise à décrire le terroir des Vins de Pays Charentais (VPC) produits dans le 
vignoble Cognaçais. Les principaux cépages spécifiquement destinés à la production de VPC 
(Merlot et Sauvignon blanc) ont été étudiés en collectant de nombreuses données sur 5 
millésimes et 35 parcelles représentant la diversité agro-pédo-climatique de la région. Comme 
souvent dans les essais au champ les expérimentateurs ont été confrontés à de multiples 
facteurs croisés et de nombreux paramètres ont été suivis. A ce stade, peu de  données 
climatiques ont été introduites et les données de dégustation n’ont pas été incluses. 

Une expertise préliminaire a permis de sélectionner certaines variables, classées en 4 
groupes distincts : données climatiques et pédologiques, matériel végétal, phénologie et 
vinification. 

L’analyse statistique exploratoire a fait ressortir certaines variables influentes, par exemple 
l’ère géologique et le type de sol, qui distinguent des unités cohérentes d’un point de vue 
géographique notamment les îles de Ré et d’Oléron. Le comportement des vignes VPC est 
ensuite étudié sur chacune de ces unités afin de définir ces terroirs viticoles. 

Les groupes de parcelles destinées à la production de vin semblent concorder pour une 
bonne part aux crus des eaux de vie de Cognac même si le cépage et le type de produit 
diffèrent. Ces résultats vont permettre de réfléchir sur différents moyens d’optimiser l’effet 
terroir par les pratiques des producteurs de VPC sur les différents terroirs. 
 
MOTS-CLE 
Vins de Pays Charentais – Merlot – Sauvignon – Terroir viticole – Sol – Millésime. 

ABSTRACT  
Zoning and understanding the effects of the environment expressed in vine products has 

always been a difficult work to start off with terroir. Thus, with more than one million 
hectares in the delimited appellation area, the famous Cognac vineyard terroir is well-known 
for eaux-de-vie and divided in 6 vintages areas since the beginning of the 20th century. 

This project aims at describing the terroir for wines named “Vins de Pays Charentais” 
(VPC) produced in the Cognac vineyard. Main cultivars specifically used to produce VPC 
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