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1.  INTRODUCTION

Climate, one of the main factors controlling grape-

vine yield and quality for a given region (e.g. van

Leeuwen et al. 2004, Santos et al. 2011), can directly

and indirectly affect vine physiology, growth and

stages of development (Magalhães 2008). In fact, re -

gardless of all technical and scientific achievements

(e.g. better plant material, more efficient vine train-

ing systems, better management of water supply by

irrigation, genetic manipulation), Vitis vinifera L., re -

mains a demanding species that requires a suitable

climate for adequate and economically sustainable

development.

Winegrapes are traditionally grown in geographi-

cal regions where the mean temperature during the

growing season (April to October for the Northern

Hemisphere) is within 12 to 22°C (Jones 2006). Fur-

thermore, local and regional atmospheric forcing

have an important influence on grapevine phenology

(Jones & Davis 2000a), yield (Bindi et al. 1996, Santos

et al. 2011) and wine quality (Rodó & Comín 2000,
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Esteves & Orgaz 2001, Grifoni et al. 2006, Orlandini

et al. 2009) in different European regions. As an illus-

tration, high correlations between grapevine yield

and mean large-scale atmospheric patterns in March,

May and June (from budburst to berry set) were

found for the Douro Region, Portugal (Santos et al.

2011). Similar results were obtained for Bordeaux,

France, where enhanced frequency of anticyclonic

systems (warm and dry conditions) during flowering

and berry set promotes higher wine production. Con-

versely, an increased occurrence of low pressure sys-

tems (wetter und unsteady conditions) during those

stages was shown to reduce yield and quality (Jones

& Davis 2000b). Also, grapevines can be severely

damaged under extremely high or low temperatures

(Hidalgo 2002), and despite their relatively high toler-

ance to drought, they can also be negatively affected

by extremely dry conditions (Koundouras et al. 1999,

dos Santos et al. 2003).

Relationships between the North Atlantic Oscilla-

tion (NAO) and winegrape production in Europe are

not clear, and most studies show little to no correla-

tion (e.g. Jones 1997). This is probably because the

NAO is largely a wintertime mechanism and its

effects diminish over the summer half of the year

(e.g. Wanner et al. 2001). The strength of this con-

nection is further reduced when the NAO index is

averaged over the growing seasons. However, some

studies suggest that a dominantly positive NAO

phase during the growing season results in lower

winegrape quality and yield in the Iberian Peninsula

and the Mediterranean, mainly owing to the associ-

ated drier conditions (Esteves & Orgaz 2001, Grifoni

et al. 2006). For the vineyards in northern Europe

either phase can be problematic: while a positive

NAO brings wetter conditions and greater disease

pressure, a negative NAO phase brings greater

frost pressure during spring. Nevertheless, Souriau

& Yiou (2001), using historical grape harvest dates

from northeastern France and Switzerland, showed

significant correlations between harvest dates and

the NAO and suggested using the record ‘as an

interesting proxy’ to reconstruct the NAO back to

the late Middle Ages.

Given the sensitivity of grapevines to climate,

long-term trends such as a 0.6°C increase in mean

surface temperature since the nineteenth century

(Trenberth et al. 2007) also have probably influ-

enced wine production. In fact, recent research

focusing specifically on wine regions has found a

mean increase in growing season temperatures

(GST) of 1.26°C over the last 50 yr (1950−1999) in 27

regions worldwide (Jones et al. 2005a). For Europe,

Jones et al. (2005b) found GST warming of 1.7°C

(averaged over 9 wine re gions) during 30−55 yr

periods from approximately 1950 to 2004. Changes

of this magnitude have re sulted in earlier phenologi-

cal events and/or changes in yield and wine charac-

teristics, as well as in altering the geographical dis-

tribution of where grapevines can be grown (Kenny

& Harrison 1992, Schultz 2000, Jones et al. 2005b).

Considering the interactions between the climatic

requirements for grapevines and their growing cycle,

several bioclimatic indices have been proposed to

describe the suitability of different wine growing

areas. Such bioclimatic indices describe the suitabil-

ity of a particular region for wine production and are

widely used as a zoning tool. From among the biocli-

matic indices commonly used for viticultural zoning

in Europe, the following were selected for the pre-

sent study: growing season suitability, number of

days with minimum temperature below −17°C, cool

night index, growing season precipitation, the

Branas- Bernon-Levadoux, dryness, Winkler and

Huglin indices (e.g. Tonietto & Carbonneau 2004,

Jones et al. 2010) and a composite index (Malheiro et

al. 2010). In addition to climatological factors, the

suitability for wine production of a given region also

depends upon non-atmospheric factors, such as land-

scape, soil characteristics and the grape cultivar that

is planted (van Leeuwen et al. 2004). For instance, in

northeastern Spain, land transformations to adapt

vineyards to mechanization may represent an impor-

tant feedback in suitability by negatively affecting

water availability and yield (Ramos 2006). Such fac-

tors are, however, not considered here as this re -

search focuses solely on atmospheric factors.

In the present study a new high resolution data set

was used for 1950−2009 to examine recent past spa-

tial distributions, variability, and trends in viticultural

suitability in Europe. The study had 2 principal aims.

(1) To obtain de tailed maps of a set of bioclimatic

indices for Europe, which would provide updated

information for viticultural zoning. With this aim, sev-

eral indices were considered to isolate the most suit-

able regions for winegrape production (viticultural

zoning) and the results were compared with previous

studies. (2) To identify spatial and temporal changes

in the indices. For this purpose, multivariate statisti-

cal techniques were applied to help isolate sig -

nificant modes in the spatial−  temporal variability of

the bioclimatic indices. Finally, these modes were

related to large-scale atmospheric circulation, which

would provide insights into the atmospheric mecha-

nisms that influenced the underlying inter-annual

variability in the bioclimatic indices for Europe.

90



Santos et al.: Trends in macroclimate and viticultural zoning in Europe 91

2.  DATA AND METHODS

Gridded daily precipitation totals and daily mini-

mum, mean and maximum air temperatures over Eu -

rope were used for the bioclimatic index calculations.

The ENSEMBLES observational gridded data set for

Europe (E-OBS) from the EU-FP6 project ENSEM-

BLES (http://ensembles-eu.metoffice.com) was pro-

vided by the European Climate Assessment and

Dataset (ECA&D) project (http://eca.knmi.nl). The

full available period was selected for this study

(1950−  2009, 60 yr). The original gridded data is

defined over land areas and over a grid with 201 lati-

tudes and 464 longitudes (0.25° latitude × 0.25° longi-

tude). Further details about this data set are de -

scribed by Haylock et al. (2008).

Since the present study focuses on viticulture zon-

ing in Europe, only the following geographical

region was taken into account in the subsequent

index calculations: 34.875° N to 60.125° N, 10.625° W

to 38.125° E (see Figs. 1−8). This subsector has 102

latitudes × 196 longitudes, with data from most of the

continental areas; grid boxes without available data

are represented in white (see Fig. 1). The daily grids

over the 60 yr time period were processed into the

bioclimatic indices, plotted as average field maps

and assessed with various statistical tools (see below).

Growing season suitability (GSS; fraction of days in

April−September with daily mean air temperature

above 10°C) and growing season precipitation (GSP;

Blanco-Ward et al. 2007) are basic indices for general

suitability use in viticultural zoning in Europe. Addi-

tionally, the occurrence of temperatures below

−17°C, which is commonly considered a lethal lower

temperature limit for Vitis vinifera (Hidalgo 2002), is

a very important constraint for grapevine growing.

Finally, the cool night index (CI; Tonietto & Carbon-

neau 2004), which accounts for minimum tempera-

tures during grape maturation (average minimum air

temperature in September), is also considered.

The Winkler index (WI; Winkler et al. 1974, Jones

et al. 2010) and the Huglin index (HI; Huglin 1978),

the hydrothermic index of Branas-Bernon-Levadoux

(HyI; Branas et al. 1946) and the dryness index (DI;

Riou et al. 1994, Tonietto & Carbonneau 2004) are

more complex bioclimatic indices. In general, the WI

and HI are heat accumulation or degree-day indices

that are both commonly used in viticulture zoning

studies (Jones et al. 2010). The HyI and DI are index

measures that capture moisture surplus or deficit

issues and have also been used in viticulture zoning

studies (e.g. Blanco-Ward et al. 2007). Further infor-

mation regarding these indices can be found in Toni-

etto & Carbonneau (2004), Jones et al. (2010) and

Malheiro et al. (2010). The maps of these indices (see

Figs. 1−3) are plotted by using classes based on pre-

vious studies (see captions).

The composite index (CompI) developed by Mal-

heiro et al. (2010) is also applied in the present study.

However, some modifications in the index limits were

performed to obtain patterns that more closely re-

flected the actual distribution of viticultural regions in

Europe. The CompI combines aspects of the other in-

dices whereby composite suitability for a specific year

(‘optimal year’) depends upon sufficient heat ac -

cumulation (HI ≥ 1200, instead of 1400 as in Malheiro

et al. 2010), moderate drought stress (DI ≥ −100) and

low risk of winter extreme temperatures (<−17°C) si-

multaneously. The criterion for risk of downy mildew

disease owing to the combined effects of temperature

and precipitation is not taken into account here, as the

literature-based limit for the HyI (<5100°C mm) is too

restrictive (not shown) and contributes to unrealisti-

cally low CompI values for several established viticul-

tural regions in France and Germany. CompI is simply

the fraction of ‘optimal years’ at a given location (di-

mensionless measure ranging from 0 to 1). For in-

stance, a CompI of 0.5 implies that 50% of the years

have ideal conditions of heat accumulation, moderate

drought stress and low risk of winter freezes for

 optimum grapevine growing conditions.

Principal component analysis (PCA) is a widely

applied multivariate statistical approach in atmo -

spheric sciences and climate research (see Wilks

2006). The aim of PCA is to reduce the dimensional-

ity of a given space−time field: a new set of mutually

independent variables (principal components, PCs) is

obtained from linear combinations of the original

variables (projected onto a set of empirical ortho -

gonal functions, EOFs). The first few modes typically

represent the majority of the variability in the system,

effectively reducing the number of variables to a few

significant modes of variability that can be retained

for further analysis. The statistical significance of the

orthogonal modes can be assessed through North’s

rule of thumb (North et al. 1982). The mutual orthog-

onality of the EOFs is also a major advantage of PCA,

as different modes of variability are independent and

can be related to independent forcing mechanisms.

The establishment of relationships between the

 inter-annual variability of the bioclimatic indices and

the large-scale atmospheric circulation was ad dres -

sed by computing modes of coupled variability be -

tween the indices and 2 large-scale atmospheric

fields, namely the 2 m air temperature and mean sea

level pressure (MSLP). Atmospheric fields are ob -
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tained from the National Centers for Environmental

Prediction and National Center for Atmospheric Re-

search (NCEP/NCAR) reanalysis (see Kistler et al.

2001). This data set has global coverage, with a spatial

resolution of 2.5° latitude × 2.5° longitude, and a tem-

poral resolution every 6 h. The 2 m air temperature

and MSLP are considered for the period 1955−2009.

Modes of coupled variability can be isolated by ap -

plying a canonical correlation analysis (CCA). The

ap proach proposed by Barnett & Preisendorfer (1987)

was followed here. In this approach, the CCA was

combined with the PCA in such a way that only the

first leading PCs of each of the 2 fields were retained

for CCA (retained PCs must cumulatively explain 70

to 80% of the total variance of each field; truncation

criterion for CCA). A detailed discussion of this

method can be found, for example, in Bretherton et

al. (1992). Previous studies have successfully applied

this methodology in isolating large-scale coupled

modes for temperature and precipitation in Europe

(e.g. Santos & Corte-Real 2006, Santos et al. 2007).

Despite of the relatively coarse grid, the NCEP data

allowed a suitable analysis of the large-scale atmos-

pheric flow patterns. As the purpose of this study was

to isolate large-scale features in the atmospheric cir-

culation coupled with the inter-annual variability of

the indices, the multivariate techniques used here

were specifically devoted to isolate large-scale modes

of variability, not to capture small-scale de tails.

Hence, the use of reanalysis data sets with higher spa-

tial resolution (e.g. ERA-40, ERA-Interim or JRA re-

analysis) is not an advantage. Further, such data sets

have shorter time periods and would significantly

limit the comparability with the E-OBS data set.

Since data availability in the E-OBS data set de -

pends on the atmospheric variable, the number and

location of the blank grid boxes (‘white cells’) also de-

pended on the index. Although some grid boxes had

missing data, most of these data gaps occurred at the

very beginning of the time series (1950−1954), and

only over parts of Italy, Greece, Turkey, Cyprus, Alge-

ria and Tunisia. As the replacement of missing data

may have brought important uncertainties to the

analysis, the bioclimatic indices for all years with

missing data were not taken into account in the com-

putation of the mean patterns (see Figs. 1−4). In this

way, the maps provided as much information as possi-

ble. Nonetheless, the same procedure could not be

ap plied to the PCA and CCA, since these multivariate

techniques required a common period without miss-

ing data. As such, the sub-period from 1955 to 2009

was selected for these latter analyses, enabling the in-

clusion of almost all land areas (see Figs. 5, 7 & 8).

In the present study, PCA was applied to the HI in

Europe (196 longitudes × 102 latitudes = 19 992 grid

boxes) for 1955−2009 (55 yr); all blank and missing

data grid boxes within this time period were removed

from the analysis, resulting in a total of 11 870 grid

points. The covariance matrix for the selected grid

boxes was computed and PCA was directly applied

to this matrix. The covariance fields between the nor-

malized PCs (scores) and the HI field yielded the spa-

tial patterns of the EOFs (loadings) in °C SD−1. The

CCA was then applied between the leading PCs of

both the NCEP/NCAR reanalysed air temperature/

MSLP and the HI in Europe. Reanalysis data was

selected only within the Euro-Atlantic sector (20−

70° N, 60° W−60° E). After the cross-covariance matri-

ces between these PCs were computed, their singu-

lar value decompositions were performed, which

yielded the canonical variables. The pairs of canoni-

cal patterns for each mode corresponded to covari-

ance patterns between the pair of normalized canon-

ical variables for that mode and the respective fields.

3.  RESULTS

3.1.  Mean patterns and trends

The mean patterns of the GSS and GSP highlight

the main climatic zones in Europe and emphasise

those zones more relevant to winegrape growing

(Fig. 1a,b). From a strictly thermal viewpoint, a given

region can be considered suitable for grapevine

growing when daily mean temperatures above a

base temperature (Amerine & Winkler 1944, Winkler

et al. 1974) are predominant during the growing sea-

son (April to September for Europe). Temperatures

above 10°C are necessary for grapevines to be physi-

ologically active. Hence, regions where at least 90%

of the days meet this basic thermal requirement tend

to be the most suitable for wine production. This is

the case for large areas of the Iberian Peninsula, the

Balkan Peninsula (including Hungary), the Black Sea

coastal areas and much of France and Italy, where

world renowned wine producing regions are found.

However, several areas in western Europe where

vineyards are grown (e.g. Burgundy, Champagne

and the Mosel and Rhine valleys of Germany) have a

GSS between 80 and 90% of the days during the

growing season. These areas are still suitable to viti-

culture, but are typically at higher latitudes or

slightly higher elevations, where the growing season

is shorter, frost risk is greater or climate variability is

more pronounced. Nearly all areas with a GSS of less
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than 80% are high altitude or latitude zones that are

typically not suitable to viticulture.

The occurrence of daily minimum temperatures

below −17°C is a very important limitation for grape-

vine growing over large areas of eastern Europe

(Fig. 1b), where more than 5 annual occurrences are

observed. On the other hand, the cool night index

mean pattern highlights that some Mediterranean

coastal areas record relatively high values, in some

cases above 18°C (Fig. 1c). These higher nocturnal

temperatures during ripening can have detrimental

effects on the production of high quality wines,

although this effect is also dependent on diurnal tem-

peratures and on grape variety (Kliewer & Torres

1972). Cool nights during ripening also can enhance

aroma, flavour and overall quality (Tonietto & Car-

bonneau 2004).

Several technological solutions have been devel-

oped to overcome humidity and precipitation effects

and/or limitations, e.g. irrigation techniques for low

precipitation areas and use of fungicides to control

diseases such as downy mildew, which may be

induced by exposure of grapevines to moisture. How-

ever, the GSP is still an important factor when assess-

ing the suitability and economic viability of a given

region for grapevine growing and wine production.

Large areas of central Europe might be considered

excessively humid and rainy (GSP over 600 mm),

while some parts of southern Europe might be exces-

sively dry (GSP below 200 mm), particularly some

regions in the southern Iberian Peninsula, southern

Italy and Greece (Fig. 1d). However, these precipita-

tion features need to be substantiated by adequate

indices with predefined thresholds (e.g. HyI and DI),

as there are no precise limits for precipitation in

defining viticultural zones. The HyI (Branas et al.

1946) provides further insight into moisture issues

depicting values above 5100°C mm (high risk of

93

Fig. 1. (a) Mean pattern of the growing season suitability (GSS, fraction of days in April−September with daily mean air tem-

perature equal to or above 10°C). (b) Annual mean number of days with minimum temperature below −17°C. (c) Mean pattern

of the cool night index (CI), (d) Mean pattern of the growing season precipitation (GSP, April−September). All maps refer to 

1950−2009 (E-OBS data set)
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downy mildew disease) over large areas of central

Europe and values below 2500°C mm (low risk of

downy mildew disease) over the southern and cen-

tral Iberian Peninsula, southern Italy and Greece

(Fig. 2a). The north−south gradient in growing sea-

son precipitation is also apparent in the DI, with val-

ues greater than 100 mm over most of the mid-lati-

tudes of Europe and negative values over southern

Iberian Peninsula. Taken together, the temperature

and precipitation fields in Europe, with their sharp

and opposite north−south gradients, create strong

heterogeneity of local conditions that largely explain

the diversity (cool versus warm growing conditions)

and variation in quality of the European wines.

When the updated classes given by Jones et al.

(2010) are used, the WI and HI present very similar

patterns, although with slightly different magnitudes

owing to the higher weighting that the HI has for

maximum temperatures (Fig. 3a,c). Based on these

patterns, most of the Iberian Peninsula is suitable for

grapevine growing with the exception of regions

found in high altitudes and some northern areas; the

north−  south contrast is still noteworthy and underlies

the diversity of grapevine varieties grown in the Iber-

ian Peninsula and the numerous types of wine pro-

duced. Most of France is also suitable, but with lower

index values (cooler climate conditions). Apart from

high-altitude areas, Italy and Greece also present

high index values. In some regions of southwestern

(e.g. Mosel Valley) and eastern Germany the index

values are also clearly above the minimum threshold

(850°C and 900°C for the WI and HI, respectively),

indicating some suitability for wine production. Large

areas of Hungary, Romania, Moldova, southern Ukra -

ine and the Balkan Peninsula also reveal a large

 number of potential wine producing regions. Most of

the regions within the latitude belt of 50 to 53° N are

also marginally suitable to grapevine growing, with

values close to the minimum thresholds of both

indices.

Although the previous climate-mean patterns are

quite informative, some valuable information can

also be obtained by assessing possible changes in the

HI and WI over time. However, linear trend estima-

tions are not suitable for this analysis, since, as will

be shown below for the HI, the temporal evolution is

far from being linear. Moreover, the normality as -

sumption may not be fulfilled for the index distribu-

tions. Therefore, differences between the medians of

each index are calculated over 2 independent time

periods (1950−1979 and 1980− 2009) and their statisti-

cal significances are assessed by applying the non-

parametric Wilcoxon-Mann-Whitney test (Wilks

2006). For WI and HI, changes in medians clearly de -

pict statistically significant increases (99% confi-

dence level) over most of Europe, particularly over

the Iberian Peninsula, France and Italy (Fig. 3b,d).

The changes in the HI are higher than in the WI and

range from less than 100 units (WI or HI) in eastern

Europe to over 200 units in numerous areas of the

Iberian Peninsula, France and Italy; the higher trends

in the HI result from the index weighting maximum

temperatures greater than the WI formulation. These

changes are a clear manifestation of the upward

trends in the daily mean temperatures during the

growing season (not shown). Because these 2 biocli-

matic indices are values accumulated over the grow-

ing season, they represent an integrated seasonal

warming signal over these regions.

3.2.  Composite index

The CompI has already been successfully applied

to Europe and has proven to be particularly useful in

combining the heliothermal and hydrometric condi-

tions for viticultural zoning purposes (Malheiro et al.

2010). The mean patterns of the CompI for 1950−

2009 clearly depict the most suitable European

regions for wine production (Fig. 4a): the Iberian

Peninsula, France, Italy, Greece, Turkey, Hungary

and some areas in Germany and the Balkan Penin-

sula. The southern portion of the Iberian Peninsula

has CompI > 0.99, i.e. at least 99% of the years

(1950− 2009) are suitable (all the defined thresholds

are met), which is being driven by a high HI and little

cold pressure during the winter. Similar patterns

can be seen for southern France, southern Italy and

Greece. Furthermore, considering the differences of

CompI between 1980−2009 and 1950−1979, there are

clear upward trends over most of Europe (Fig. 4b),

which are also largely in agreement with the identi-

fied changes in WI and HI (Fig. 3b,d). Therefore, dur-

ing the period from 1950 to 2009 there has been an

enhancement of the favourable conditions to grape-

vine growing throughout much of Europe (e.g. in

large areas of France and Germany), little to no

change in conditions in the Mediterranean areas (e.g.

Italy and southern Iberian Peninsula) and only a few

isolated areas of declining conditions (owing to ex -

cessive dryness; DI < −100 mm).

The values (ratios) of CompI also reflect an impor-

tant measure of inter-annual variability, as at a given

location only a fraction of years meet all the prede-

fined thresholds (i.e. not all years are favourable). In

fact, despite identifying significant changes between
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Fig. 2. (a) Mean pattern of the hydrothermic Branas-Bernon-Levadoux index (HyI) in 1950−2009 (E-OBS data set). Classes

were considered according to Branas et al. (1946) with the additional class of 5100−7500 °C mm. (b) Mean pattern of 

the dryness index (DI) for the same period and data set

Fig. 3. (a) Mean pattern of the Winkler index (WI, growing degree-days in °C) in 1950−2009 (E-OBS data set). (b) Differences

in the medians of the WI between 1980−2009 and 1950−1979 (Wilcoxon-Mann-Whitney test). Differences not statistically sig-

nificant (NS) at the 99% confidence level are indicated by grey shading. (c,d) The same as described in panels (a) and (b) but

for the Huglin index (HI, growing degree-days in °C). Classes in both indices were based on those in Jones et al. (2010) with 

the additional class of 900−1200 in the HI
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the 2 time periods, there is also an important  inter-

annual variability. This variability implies irregular-

ity in the climatic conditions, which may have strong

 effects on grapevine growth, as well as on the fruit

yield, wine quality and the economics of wine re -

gions in Europe (i.e. the vintage effect). Therefore,

the analysis of the temporal variability of the indices

is also highly relevant for the wine sector in Europe.

For the sake of succinctness only the HI is analysed

here.

3.3.  Modes of inter-annual variability

A PCA was applied to the annual fields (maps) of

HI (1955−2009) to isolate the corresponding major

ortho gonal modes of spatial variability. The 4 leading

mo des are above the red noise level (mean eigenval-

ues of 100 covariance matrices generated by random

permutations in time, independently performed at

each grid box of the observed HI field) and are non-

degenerate (North’s rule, Wilks 2006), thus are

retained (see eigenspectrum in Fig. 6a). They repre-

sent 82% of the total variance, which is in line with

the truncation criterion for CCA (see Section 2). Their

large-scale patterns suggest that the temporal vari-

ability of HI is strongly connected to the large-scale

atmospheric circulation.

The spatial pattern of the first mode (Fig. 5a) repre-

sents 48% of the total variance and isolates a pattern

that is remarkably similar to the HI trend pattern pre-

sented above (Fig. 3b; their spatial correlation is r =

0.79, which is statistically significant at the 99% con-

fidence level). The corresponding PC indeed pre-

sents a strong upward trend, which is only almost lin-

ear since the late 1970s; however, its overall trend is

better fitted by a second-order polynomial than by a

linear trend model (Fig. 6b). The leading mode

clearly reflects the recorded warming over Europe,

particularly over its western and southern areas. The

second mode (Fig. 5b) roughly explains 19% of the

total variance and displays an approximate east−

west contrast in Europe. The third mode (Fig. 5c)

explains about 9% of the total variance and repre-

sents a contrast between northern and western

Europe and southeastern Europe. The fourth mode

(Fig. 5d) represents 6% of the total variance and dis-

plays a strong phase opposition between central

Europe and the Iberian Peninsula and Turkey.

Similar results were obtained for WI, though its

first mode explains about 52% of the total variance;

the other mode contributions to total variance are

analogous and the corresponding EOF patterns are

strikingly similar to the HI EOF patterns (not

shown). Both bioclimatic indices have comparable

temporal variability and underline the key role of

the large-scale atmospheric forcing on viticultural

suitability in a given region and for a specific year

(or growing season). Further analysis highlighted a

low sensitivity of these modes to linear detrending;

the spatial patterns of the EOFs remain almost

unchanged (not shown), while only small changes

occur in the fractions of explained variance (for

HI: 41, 21, 12 and 7%). In fact, since the long-term

trend is far from being linear (Fig. 6), removing lin-

ear trends will not significantly weaken the first

mode, whereas the other 3 modes remain largely

unaffected by linear trends.
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Fig. 4. (a) The composite index (CompI, see text for details) over Europe for the 1950−2009 period. Index values correspond to

the fraction of years within the considered time period that are suitable for winegrape growing. (b) CompI difference: 

1980−2009 minus 1950−1979 (first and second halves of the total period)
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3.4.  Large-scale atmospheric forcing

The large-scale patterns of the EOFs presented

above suggest a strong connection between the HI

and the large-scale atmospheric flow over the Euro-

Atlantic sector. As previously stated, the existence of

possible couplings between the HI and the large-

scale circulation is demonstrated through the use of

CCA. The leading 4 PCs of HI (Fig. 5) are retained for

CCA (82% of represented variance), while the lead-

ing 8 PCs are retained for air temperature (73%) and

6 PCs retained for sea level pressure (78%); the trun-

cation criterion referred to in Section 2 is then met.

Hence, 4 coupled modes exist for each of the 2 analy-

ses (air temperature and sea level pressure). Accord-

ing to the Bartlett-Lawley significance test (von

Storch & Zwiers 1999), the 4 coupled modes are sig-

nificant at the 95% confidence level. By applying

CCA between the HI and the 2 m air temperature,

averaged over the growing season, the correspond-

ing canonical pairs (coupled patterns/modes) were

obtained (Fig. 7); left panels represent the canonical

patterns in the air temperature, while right panels

represent the associated canonical patterns in the HI.

Since the HI is based on the air temperature field,

the 4 coupled patterns show a clear accordance be-

tween positive and negative temperature anomalies

and positive and negative HI anomalies. Furthermore,

the HI canonical patterns are largely consistent with

the EOF patterns themselves (Figs. 5 & 7), apart from

some minor regional differences. These differences

can be explained by the fact that the coupled modes

reflect the co-variability of 2 different fields, while the

orthogonal modes reflect the internal variability of

the HI (not conditioned to the variability of a second

field). However, the first coupled mode is remarkably

similar to the first EOF (Figs. 5a & 7a). The east−west

contrast (Figs. 5b & 7b), the Atlantic−Mediterranean

contrast (Figs. 5c & 7c) and the tripolar structure

(Figs. 5d & 7d), where central Europe is in phase oppo-

sition with southwestern and southeastern Europe,

are also clearly apparent in the coupled modes.
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Fig. 5. Patterns of the (a) first, (b) second, (c) third and (d) fourth empirical orthogonal modes of the Huglin Index (HI) over

 Europe (E-OBS data set in 1955−2009), where SD is that of the respective principal component. These 4 principal components 

are significant, with percentages of represented variances of 48, 19, 9 and 6%, respectively
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The first coupled mode confirms that anomalously

high temperatures in Europe (Fig. 7a, left panel) tend

to be associated with anomalously high HI values

(Fig. 7a, right panel), particularly over western

Europe. In addition, the strong warming experienced

during the last decades over Europe also largely

explains the upward trend in this mode, which can

be confirmed by the high correlation coefficient (r =

0.84, statistically significant at the 99% confidence

level) between the first canonical variable and the

leading principal component (Fig. 6b). Therefore, the

first coupled mode not only highlights that anom-

alously high temperatures over Europe are obviously

favourable to high HI values, but also that the warm-

ing of the recent past has been contributing to an

upward trend in the index itself. The other 3 coupled

modes also show a close correspondence between

anomalies in the mean air temperature and in the HI

(Fig. 7b−d); these associations are examined in

greater depth in the subsequent analysis.

The 4 coupled modes presented above suggest

there is an important large-scale atmospheric forcing

on the inter-annual variability of the HI. This forcing

can be more easily demonstrated by also applying

the CCA to the MSLP fields, also averaged over April

to September (Fig. 8); left panels in Fig. 8 represent

the canonical patterns in sea level pressure and right

panels represent the associated canonical patterns in

the HI. In effect, the MSLP fields are a very useful

tool for analysing the extratropical large-scale atmo -

spheric flow, mostly owing to the resemblance

between the actual large-scale flow and its quasi-

geostrophic approximation (see Holton 2004).

The first coupled mode (Fig. 8a) depicts anom-

alously higher pressures over Europe and lower pres-

sures over the North Atlantic Ocean, which is

favourable to producing anomalously high tempera-

tures across Europe. The second coupled mode

(Fig. 8b) shows that anomalously high pressure over

northern Europe and northern Africa tends to be

associated with higher HI in northwestern Europe

and lower HI in southeastern Europe. Also, note the

presence of a low pressure area westwards of the

Iberian Peninsula. This pattern in the MSLP favours

northerly cold winds over eastern Europe and

southerly warm winds over western Europe, which

ex  plains the associated east−west contrast in both

the temperature pattern and in the HI (Fig. 7b). The

third coupled mode (Fig. 8c) reveals that the high

pressure systems over northern Europe and north-

eastern Russia can prevent the transport of relatively

cold air masses that originate over the North Atlantic

Ocean towards Europe; this, in turn, can produce

anomalously high temperatures and HI values. Mari -

time areas of Europe are largely exposed to these sys-

tems, whereas southeastern Europe is blocked from

their direct influence, which explains the Atlantic−

Mediterranean contrast (Figs. 7c & 8c). Finally, the

fourth coupled mode (Fig. 8d) suggests that anom-

alously low pressures over northeastern Europe and

high pressures near the British Isles trigger the tripo-

lar structure already identified in the inter-annual

variability of the temperature and HI (Figs. 7d & 8d).

The results above highlight the advective nature of

the coupled modes and clearly suggest that large-

scale atmospheric dynamics underlie the occurrence

of the modes of variability in the HI; these modes are

not only statistically significant in explaining the

observed variability in the HI pattern over Europe,

Fig. 6. (a) Eigenspectrum of the first 10 orthogonal modes of

the inter-annual variability of the HI over Europe (E-OBS

data set in 1955−2009); numbers in graph: respective per-

centages of represented variance. The 4 principal compo-

nents are above the red-noise level (dashed line) and are

non-degenerate (non-overlapping error bars). (b) Normal-

ized time series of the leading principal component (PC1;

black curve) and of the leading canonical variable (CV1;

grey curve) between MSLP and HI. Their correlation coeffi-

cient is r = 0.84 (statistically significant at the 99% confidence

level). A second order polynomial fit to PC1 is also displayed
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Fig. 7. Leading 4 canonical pairs (coupled modes) between the April−September averages of the 2 m air temperature within

the Euro-Atlantic sector (left panels) and the HI in Europe (right panels) in the period 1955−2009, where SD is that of the corre-

sponding canonical variable. Canonical correlations are 0.96, 0.91, 0.78 and 0.57 (statistically significant at 95% confidence 

level; Bartlett-Lawley test)
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Fig. 8. The same as described in Fig. 7, but for the mean sea level pressure (SLP, left panels). Canonical correlations are 

0.82, 0.61, 0.60 and 0.44 (statistically significant at 95% confidence level; Bartlett-Lawley test)
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but are also physically meaningful, because they are

related to large-scale anomalies in the atmospheric

flow. For example, the pattern of the first mode of

variability looks similar to the synoptic conditions

between June and August 2003, which were domi-

nated by an anticyclonic ridge that extended from

southwestern Europe towards central Europe and

was characterised by above average temperatures

(e.g. Fink et al. 2004). These conditions eventually

led to the summer heat wave of June to August 2003

(e.g. Beniston 2004, Schär et al. 2004).

4.  DISCUSSION AND CONCLUSIONS

Previous studies have demonstrated the key role

bioclimatic factors play in viticultural zoning for dif-

ferent European regions (e.g. Kenny & Harrison 1992,

Stock et al. 2005, Blanco-Ward et al. 2007, Ramos et

al. 2008, Orlandini et al. 2009), but also have high-

lighted the relevance of the various climatic factors in

governing the geographical distribution of grape-

vines and of their phenological development stages

(e.g. Jones et al. 2005a,b). Moreover, the inter-annual

variability and long-term (multi-decadal) trends in

the main climatic elements, such as temperature and

precipitation, are also largely reflected in the biocli-

matic indices. Consequently, both climate variability

and long-term trends may have strong effects on

grapevine development, ultimately affecting the

whole wine-producing sector (e.g. socio-economic ef -

fects). Thus, a better understanding of the mecha-

nisms underlying the inter-annual variability and

long-term trends in the bioclimatic indices is re -

quired. Hence, the aims of this study were not only to

update information for viticultural zoning by using

a new high-resolution data set to map bioclimatic

indices over Europe, but also to analyse the inter-

annual variability of the indices and possible long-

term trends, giving particular emphasis to the large-

scale atmospheric forcing.

Nine bioclimatic indices for viticultural zoning

were selected and were computed for Europe in the

period from 1950 to 2009 by using a state-of-the-art

observational data set (E-OBS). Their mean spatial

patterns (Figs. 1−4) reflect a strong climatic hetero-

geneity throughout Europe, which explains the large

diversity of grapevine varieties grown in Europe that

leads to the large number of different wine styles pro-

duced across the continent. The high spatial resolu-

tion of these patterns provides detailed and updated

information for viticultural zoning in Europe, which

accomplishes the first aim of this study. Further, the

analysis of different indices enriches this study by

providing different perspectives on the influence of

climate on viticulture.

The analyses of the inter-annual variability and

trends also illustrate significant regional differentia-

tions (Figs. 3−8). Significant upward trends are iden-

tified for the WI and HI, particularly for southwestern

Eu rope. In accordance with Jones et al. (2005b),

trends of 100 to 300 units for the HI and WI over the

second half of the twentieth century were found.

These trends are mostly a result of warming during

the growing season, but are more significant in both

indices owing to the summation of positive tempera-

ture anomalies in their formulations. In terms of inter-

annual variability, 4 statistically significant ortho -

gonal modes of variability are isolated for the HI,

jointly representing 82% of the total variance in Eu -

rope. The leading mode explains 48% of the variance

and mainly reflects the observed historical trends dis-

cussed here. The second mode is a manifestation of a

west−east contrast in the variability over Europe

(19% of the variance). The third mode mostly depicts

a contrast between the Atlantic and Mediterranean

areas (9% of the variance). The fourth mode presents

a tri-polar structure, where central Europe is in phase

opposition with southwestern and southeastern Eu -

rope (6% of the variance). As shown by applying the

CCA, these modes in the HI and WI are mainly

forced by the mean large-scale atmospheric circula-

tion during the growing season (April−September),

mostly by advective mechanisms, and achieve the

second aim of the present study.

The identified large-scale couplings show little re -

semblance to the most relevant teleconnection in -

dices within the Euro-Atlantic sector (Wallace & Gut-

zler 1981). There is some similarity between the first

coupled mode identified in this study and the Eastern

Atlantic Oscillation (EAO; strong center of action

westwards of the British Isles), which has important

effects on the atmospheric circulation over the North

Atlantic Ocean and Europe, particularly western Eu -

rope (e.g. Woollings et al. 2010). The fourth coupled

mode also suggests some linkage to the Scandina-

vian pattern (strong center of action over Scandi-

navia, Barnston & Livezey 1987), though the geo -

graphic window is not sufficiently large to establish a

clear relationship. Finally, a possible minor role from

the El Niño Southern Oscillation (ENSO) is hard to

differentiate from the effects of the NAO (Rodó &

Comín 2000). Despite the significance that local and

regional climatic and meteorological effects have on

grapevine growth, productivity and quality, the pre-

sent study demonstrates that large-scale atmospheric
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features play a central role in determining the viticul-

tural suitability of a particular year at a given location

in Europe.

The results from this analysis point to potential

areas of future research, namely, (1) the development

of operational tools for the timely prediction of grape-

vine growth and composition parameters (e.g. using

seasonal forecasts for regional circulation character-

istics to assess temperature and precipitation effects

on bioclimatic indices), and (2) a better assessment of

the socio-economic effects of climate change on viti-

culture. Under future climate conditions (IPCC SRES

B1 and A1B), potential shifts in European areas suit-

able for wine production northwards and/or to higher

elevations are projected to occur (Malheiro et al.

2010). Furthermore, traditional rain-fed areas in

southern Europe may have to adopt irrigation prac-

tices to maintain production at current levels. These

results are even more important given the recent

finding that increased summer dryness in southern

Europe will probably further restrict plant growth

and survival, causing a positive warming feedback

effect through reduced evapotranspiration (Wram-

neby et al. 2010). Therefore, the climate change pro-

jections detailed by Malheiro et al. (2010) largely

agree with the historical trends described herein

(Fig. 4b) and the work of others. In this manner, the

documented effects of the historical trends are, to a

certain extent, a valuable indicator of what could be

expected in the future. In fact, adding historical

records of grapevine phenological stages and wine

production data should significantly improve the

assessment of the effects of these future projections

in bioclimatic indices, which are so important for

understanding viticultural suitability.
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