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1.  INTRODUCTION

Winemaking has a predominant economic, social
and environmental relevance in Europe, which is
responsible for approximately 70% of the global pro-
duction volume (mainly in Italy, France and Spain) and
about 60% of Vitis vinifera L. area under cultivation
worldwide (OIV 2006, www.oiv.int). Studies address-
ing the influence of climate variability and change in
viticulture are particularly pertinent, as climate is the
leading factor for grapevine yield and quality (van
Leeuwen et al. 2004, Santos et al. 2010) and for grape-
vine global geographical distribution (Jones 2006). In
effect, grapevines have very specific climatic require-

ments: they are a heat-demanding crop, needing
proper high radiation intensities and temperatures, not
only during their vegetative growth and development,
but also for berry ripening, since they are also highly
sensitive to late frost occurrences (e.g. Spellman 1999,
Magalhães 2008).

Even though this crop may tolerate extreme temper-
atures of about 15 to 20°C below zero for short time
periods during winter, values lower than –1°C in
spring may damage developing buds and young
leaves and shoots (Hidalgo 2002). Nevertheless, cold
temperatures in winter (chilling) are important for
breaking bud dormancy (Kliewer & Soleimani 1972)
and promoting the storage of carbohydrate reserves in
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perennial organs (roots, trunk and canes) for follow-
ing-year growth (Bates et al. 2002, Field et al. 2009).
A 10°C base temperature is the minimum threshold
considered necessary for grapevines to initiate their
growing cycle (Amerine & Winkler 1944, Winkler et
al. 1974). Conversely, extreme heat (e.g. temperatures
above 40 to 45°C) may irreversibly impair some physi-
ological processes (Berry & Björkman 1980), thus lead-
ing to poor grape yields and quality (Kliewer 1977,
Mullins et al. 1992). Furthermore, annual precipitation
and its seasonal distribution are also critical. High soil
moisture is needed during budburst and shoot and
inflorescence development, followed by dry and stable
atmospheric conditions from flowering to berry ripen-
ing (Jones & Davis 2000, Nemani et al. 2001, Jones et
al. 2005a, Ramos et al. 2008). Due to these selective cli-
matic needs, most wine-producing areas are geo-
graphically located within the latitude range of 30 to
50° over the northern hemisphere (e.g. Spellman 1999,
Hidalgo 2002), where the warm temperate climates
(Kottek et al. 2006), including the Mediterranean type,
are typically found. These climates roughly correspond
to the belt limited by the 10 to 20°C annual mean iso-
therms (Spellman 1999) or, as more recently defined, to
the 12 to 22°C growing season mean isotherms (Jones
2006). Moreover, climate is a critical component of the
terroir concept (homogeneous winegrowing region in
terms of climate, soil, agronomical and oenological
practices, and social traditions) (Vaudour 2002, Vau-
dour & Shaw 2005).

Winegrapes are likely to face new challenges in the
coming decades due to climate change. Shifts in
grapevine phenology, disease and pest patterns, yield
and ripening potential, and wine styles are projected to
take place in response to future conditions (Kenny &
Harrison 1992, Schultz 2000, Jones et al. 2005b). An
above average warming is predicted for Europe, par-
ticularly in winter over eastern areas and in summer
over southwestern areas, where a temperature in-
crease between 2.2 and 5.1°C is expected to occur
during the 21st century (cf. Meehl et al. 2007; results
for the IPCC Special Report on Emission Scenarios,
SRES, B1 and A1B scenarios). Furthermore, mean an-
nual precipitation is projected to diminish in most of
southern Europe (4 to 27%) and to increase in most of
its northern regions (Meehl et al. 2007). In fact, the re-
cently recorded climatic trends are in line with future
projections. As an illustration, Jones et al. (2005b) ana-
lysed most of the world’s high-quality wine-producing
regions and concluded that the growing season mean
temperatures have risen about 1.26°C over the past
50 yr (1950–1999). Hence, some regions (e.g. in south-
ern Europe) may already be at the limit of ideal condi-
tions for high-quality wine production (Kenny & Harri-
son 1992, Jones et al. 2005b). Conversely, changing

climatic conditions have already allowed some of the
northern regions (e.g. southern England) to become
more adequate for viticulture. As such, climate change
may have both positive and negative impacts on viti-
culture and has the potential to cause significant geo-
graphical displacements in traditional growing areas
(Jones et al. 2005b).

Taking into account the interactions between wine-
grape climatic requirements and its growing cycle,
several climate-based (bioclimatic) indices have been
proposed to describe the suitability of different wine-
growing areas. One of the earliest indices was the heat
unit concept, using a growing degree base of 10°C
(degree-days), since grapevines need a specific heat
accumulation to complete their phenological stages
(Amerine & Winkler 1944). The Cool Night Index (CI;
Tonietto 1999, Tonietto & Carbonneau 2004), which
accounts for minimum temperatures during matura-
tion, and the diurnal temperature range (Gladstones
1992, Ramos et al. 2008) are other strictly thermal
indices. High daily temperature ranges with relatively
cool nights during ripening tend to be beneficial for the
production of high-quality wines, for example by syn-
thesizing anthocyanins in grapes (Kliewer & Torres
1972, Fregoni 2003). However, it should be noted that
the effect of night temperature on physiological ripen-
ing may be day-temperature and grape-variety depen-
dent (Kliewer & Torres 1972).

Additionally, the Hydrothermic Index of Branas,
Bernon and Levadoux (HyI; Branas et al. 1946) evalu-
ates the potential risk of grapevine exposure to dis-
eases such as downy mildew by integrating precipita-
tion in its definition, whereas the Branas Heliothermal
Index (Branas 1974) and the Huglin Heliothermal
Index (HI; Huglin 1978) include a day-length factor as
a proxy for radiation. More complex indices, such as
the Dryness Index (DI; Tonietto & Carbonneau 2004),
based on the potential water balance of the Riou Index
(Riou et al. 1994), were developed in order to account
for the soil–water availability at the beginning of the
growing season (estimated as 200 mm), for the poten-
tial evapotranspiration and for precipitation. By com-
bining HI, CI and DI, which are considered to be com-
plementary indices, Tonietto & Carbonneau (2004)
have defined a Multicriteria Climatic Classification
System (Geoviticulture MCC System) distinguishing
36 different climatic types. In this context, the biocli-
matic indices are commonly used tools in viticultural
zoning, as they allow the assessment of the potential
suitability of a particular region for an economically
sustained wine production.

The objectives of the present study are 3-fold: (1) to
define the spatial patterns of a set of appropriate bio-
climatic indices for a recent-past period (1960–2000)
and for 3 future periods in the 21st century, consider-
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ing regional climate model datasets; (2) to differentiate
viticultural climatic regions with diverse grape-grow-
ing suitability; and (3) to identify potential future geo-
graphical shifts in these regions, by analyzing signifi-
cant changes in the index patterns. In terms of climatic
viticultural zoning, only changes on climatological
parameters are taken into account, leaving out other
factors, such as possible changes on crop responses
due to elevated carbon dioxide concentrations.

2.  MATERIALS AND METHODS

A total of 7 bioclimatic indices (Table 1) were se-
lected to analyse the impact of the projected future cli-
matic changes on the European viticultural geography:

(1) Length of the growing season (LGS), calculated
as the number of days with mean temperatures above
10°C (growing degree-days). Although depending on
the different varieties, a region is commonly consid-
ered appropriate for vine growing for LGS higher than
182 d (Jackson 2001);

(2) Growing season precipitation (GSP; April to Sep-
tember), which was found to be one of the most dis-
criminating climatic variables in northwestern Spain
for current conditions (Blanco-Ward et al. 2007);

(3) Huglin Heliothermal Index (HI; Huglin 1978),
which is a degree-day formulation that weights maxi-
mum temperatures above daily mean temperatures
and applies a latitude-varying day-length adjustment.
The day-length coefficient was linearly interpolated
from 1.02 to 1.06 within the latitude belt 40 to 50° N.

Southwards of 40° N the coefficient takes a value of
1.00 (Tonietto & Carbonneau 2004). For latitudes 50 to
60° N, a linear extrapolation was considered. HI is
grouped into 6 climate classes, varying from very cool
(HI ≤ 1500) to very warm (HI > 3000);

(4) Cool Night Index (CI), which provides a relative
measure of ripening potential, being equal to the aver-
age minimum temperature during the month before
harvest (September in the Northern Hemisphere)
(Tonietto 1999). Four classes are differentiated: very
cool nights (CI ≤ 12°C), cool nights (12 < CI ≤ 14°C),
temperate nights (14 < CI ≤ 18°C) and warm nights (CI
> 18°C);

(5) Hydrothermic Index of Branas, Bernon and Leva-
doux (HyI; Branas et al. 1946), which considers both
precipitation and temperature regimes for estimating
the risk of downy mildew disease (Carbonneau 2003).
This risk is considered low when HyI has values
below 2500°C × mm and high for values higher than
5100°C mm;

(6) Dryness Index (DI; Riou et al. 1994, Tonietto &
Carbonneau 2004), which defines 4 viticulture climates
ranging from very dry (DI ≤ –100 mm) to humid (DI >
150 mm). It defines the soil-water component of the
climate, assessing the level of dryness relevant for
wine production in a specific region. For DI computa-
tion, potential evapotranspiration was estimated ac-
cording to Blaney & Criddle (1950).

(7) Composite Index (CompI), which summarizes the
main results obtained from the previous indices. It is
computed for each year separately and ranges be-
tween 0 and 1 (binomial and dimensionless index) de-
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Bioclimatic index Equation Source

LGS Number of days with Tavg > 10°C Jackson (2001)

GSP Blanco-Ward et al. (2007)

HI Huglin (1978)
Tonietto & Carbonneau (2004)

CI September average Tmin Tonietto (1999)

HyI Branas et al. (1946)

DI Riou et al. (1994)

CompI Ratio of years simultaneously verifying 4 criteria: Defined in this paper
(1) HI ≥ 1400; (2) DI ≥ –100; (3) HyI ≤ 5100; (4) Tmin always ≥ –17°C
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Table 1. Bioclimatic indices, their equations and respective references. LGS: length of the growing season; GSP: growing sea-
son precipitation; HI: Huglin Heliothermal Index; CI: Cool Night Index; HyI: Hydrothermic Index; DI: Dryness Index; CompI:
Composite Index; Tmax, Tmin, Tavg: maximum, minimum and mean daily temperatures, respectively; d: correction coefficient of
the day length as a function of latitude (see ‘Materials and methods’ for details); P: precipitation; Wo: initial useful soil-water 

reserve; Tv: potential transpiration; Es: direct evaporation from the soil
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pending on whether the 4 conditions: HI ≥ 1400; DI ≥
–100; HyI ≤ 5100 and daily minimum temperatures
never below –17°C are simultaneously accomplished.
These thresholds are supported by literature (Branas et
al. 1946, Huglin & Schneider 1998, Tonietto and Car-
bonneau 2004). The –17°C is considered the winter-
severity constraint for vine survival (Hidalgo 2002).

The growing season period is considered to be from
April to September in order to be consistent with the HI
and DI definitions. The first 6 indices above provide
valuable and complementary perspectives for climatic
viticultural zoning in Europe. Additionally, the mean
pattern of CompI gives the ratio of the winegrowing
optimal years in a specific time period: a value of 0
means a total absence of suitable years within a time
period of several decades, while a value of 1 means
that all years are suitable for grapevine growing. For
example, a value of 0.6 in a 30 yr period indicates that
18 yr are suitable. Following the same example, if the
future projected changes are +0.3 (final value of 0.9),
then 27 yr out of 30 are suitable. Table 1 synthesizes
the mathematical formulations of the indices and their
corresponding references.

All bioclimatic indices are calculated using gridded
atmospheric variables (daily precipitation amounts, daily
mean air temperature, daily maximum and minimum
temperatures), defined within a geographical sector
covering most of Europe (35° to 60° N; 12° W to 36° E) and
simulated with the regional climate model COSMO-
CLM (Consortium for Small-Scale Modelling – Climate
version of the Lokal-Model; Böhm et al. 2006, Rockel
et al. 2008; hereafter CLM). Gridded model output is
available with a spatial resolution of 0.165° latitude–
longitude (grid size of about 18 km). As such, the in-
dices are calculated using a high-resolution dataset
in a large geographical sector and are defined on a
daily basis.

A 2-member ensemble simulation of the recent-past
climate (1960–2000; Lautenschlager et al. 2009a,b) and
of the 21st century (Lautenschlager et al. 2009c–f)
under the IPCC-SRES B1 and A1B scenarios are cho-
sen; unfortunately, no comparable CLM simulations
with the A2 scenario are available. These 2 forcing sce-
narios represent a relatively wide range of future
greenhouse gas concentrations, which are related to
remarkably different storylines of human development
and population growth. The A1B scenario corresponds
to a balance across all energy sources (fossil and non-
fossil energies), while the B1 scenario features a more
environmentally sustainable world (Nakiçenoviç et al.
2000); during the 21st century, the carbon dioxide con-
centration raises from 367 ppm (year 2000) to 540 ppm
(B1) and 703 ppm (A1B). All simulations were forced
by ECHAM5/MPI-OM1 boundary conditions (Roeck-
ner et al. 2006). Previous validation studies emphasize

the skillfulness of CLM in reproducing different atmos-
pheric fields for recent climate conditions (Hollweg et
al. 2008). In this manner, CLM can be used in climate
change assessment studies with confidence. An exten-
sive evaluation of the climate change signal in these
CLM simulations is presented in Hollweg et al. (2008),
so it is not replicated here. Instead, the focus of this
study is directly on the bioclimatic indices.

The patterns of the different bioclimatic indices were
first computed for each year and for each ensemble
member separately. However, for the sake of succinct-
ness, only their ensemble mean patterns over specific
periods are presented. The mean patterns for the
recent-past period (1960–2000; C20 hereafter) are con-
sidered representative of current climatic conditions,
while changes in these patterns for 3 selected future
periods (2011–2040; 2041–2070 and 2071–2100) are a
response of bioclimatic indices to human-driven cli-
mate change. Further, as each index pattern presents a
large amount of information and detail (42 126 grid
points), the present study focuses primarily on the most
relevant changes in terms of regional patterns. More
detailed and in depth analysis for individual wine-
growing areas are left for upcoming analyses.

3.  RESULTS

The selected 7 bioclimatic indices are used to assess
winegrape suitability across Europe under future cli-
mate conditions (see Figs. 1 to 7). The mean patterns
for LGS and GSP in C20 and for the 3 future time peri-
ods under the A1B scenario are displayed in Fig. 1. The
LGS and GSP patterns for C20 highlight the reliability
of CLM in simulating the temperature and precipita-
tion fields throughout Europe (Hollweg et al. 2008). A
region is considered unsuitable for vine growing if the
LGS is lower than 182 d (Jackson 2001), which roughly
corresponds to regions northward of 52° N for current
climate conditions (Fig. 1). In 2041–2070 and under the
A1B scenario, this northern limit of wine production
suitability is likely to undergo a northward displace-
ment to 55° N, with obvious exceptions over mountain-
ous areas, such as the Alps. Results for the B1 emission
scenario are rather consistent with those for A1B,
though its changes are less significant (not shown).
Hence, the projected climate change over Europe is
expected to have a positive thermal effect on grape-
vine growing over most of Europe, with the clearest
exception of high-latitude or high-altitude regions,
where thermal conditions will remain far below the
minimum climatic demands for an adequate vegetative
development. With respect to the GSP, its fields depict
decreases over most of Europe (Fig. 1), which is also in
clear agreement with previous results obtained for the
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Fig. 1. On the left: Length of the growing season (number of days in a year with daily mean air temperature above 10°C) for
the outlined time periods. On the right: mean precipitation totals accumulated during the growing season (April to September)
for the recent-past period (1960–2000; C20) and for 3 future periods under the A1B SRES emission scenario (2011–2040, 2041–
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summer half-year (e.g. Meehl et al. 2007). These
changes in both temperature and precipitation fields
will have an impact on the other bioclimatic indices, as
will be shown below.

The HI has the advantage of integrating day-length
and temperature (Huglin 1978), both variables that
have a strong influence on grape development and
quality (Spellman 1999, Jones & Davis 2000, Hidalgo
2002). In fact, the relatively long day-lengths at high
latitudes (high insolation) during the growing period
lead to a northward extension of the viticultural zoning
by partially compensating for lower temperatures.
High values of HI reveal suitable areas for grapevines
with late maturation, while low values are appropriate
for early maturing varieties. As an illustration, Jones et
al. (2005a) found a high positive correlation between
HI and later season phenological events (véraison and
harvest). Moreover, HI provides a better assessment of
sugar potential of a vine variety than standard degree-
day approaches such as the Winkler Index (Carbon-
neau 2003), despite both being highly correlated (Toni-
etto & Carbonneau 2004, Blanco-Ward et al. 2007).

The HI mean pattern for C20 is generally in agree-
ment with the LGS results (Fig. 2). This index shows
that climatic conditions over northern Europe are not
suitable for warmer climate varieties (HI < 1500), nei-
ther for current conditions nor for future scenarios. On
the other hand, it reveals viability in southern Europe,
with generally high values, and in several areas of
northern and central France and southwestern Ger-
many, which are indeed renowned wine-producing
areas. Although the HI mean pattern is reasonably
coherent with the locations of some of the main Euro-
pean wine-producing regions (Clarke 1995), our results
document the limitations of CLM in exactly reproduc-
ing the observed temperature fields and thus to fully
capture all the details of the viticultural suitability in
Europe. This fact can be largely attributed to its rela-
tively coarse spatial resolution, to its smooth topogra-
phy and to the inherent model bias. Nonetheless, the
HI pattern reveals a strong similarity with patterns
obtained using observational data (e.g. Stock et al.
2005), with only minor changes in detail. During the
21st century and under A1B, a significant northward
extension of the regions with wine-producing potential
is projected to occur, being particularly meaningful
over large areas of southern England, Belgium, the
Netherlands, Germany, the Czech Republic and south-
ern Poland. Remarkably similar results were obtained
for B1, but with much slower changes (Fig. 2); an
approximate 30 yr delay can be detected relative to
A1B. Analogous considerations can still be done for the
other indices (see Fig. 3 to 6), though their mean pat-
terns for B1 are displayed for a more comprehensive
climate change assessment.

The CI mean pattern reveals that almost all of
Europe presents very cool to temperate nights (aver-
age minimum temperatures in September lower than
18°C), meaning that excessively warm nights in later
maturity stages of grapes are relatively rare in Europe
(Fig. 3). However, under both future scenarios, low-
altitude areas of the Mediterranean Basin are pro-
jected to undergo a significant increase in CI, which
might have potentially negative impacts on wine qual-
ity, as previously mentioned.

Variations in precipitation and thermal conditions
(Fig. 1) may also have an important impact on moisture-
induced diseases, such as downy mildew. The HyI
mean pattern shows that areas with a Mediterranean-
type climate tend to present low risks of contamination
(first interval in the scale of Fig. 4), for both recent and
future conditions, while higher latitudes generally pre-
sent moderate to high risks, with an increasing trend
over central and eastern Europe (second and third in-
tervals in the scale of Fig. 4). This situation is particu-
larly relevant for central Europe, where thermal condi-
tions tend to become gradually favourable to wine
production. Here, climate warming is accompanied by
an insufficient decrease in precipitation, increasing or
maintaining the risk of grapevine attack by the downy
mildew pathogen. The risk of disease contamination
can be a clear limitation to wine production and quality,
in spite of the general improvement in thermal condi-
tions. The projected precipitation decrease in southern
Europe (Fig. 1) further decreases the pathogenic risk
(Fig. 4), but this beneficial effect is largely offset by the
negative effects of excessive dryness.

The DI pattern for recent climate conditions clearly
highlights that moderate dry to very dry conditions
prevail in southern Europe (lower 2 intervals in the
scale of Fig. 5), while over higher latitudes sub-humid
and humid conditions prevail (upper 3 intervals in the
scale of Fig. 5). Moderately dry conditions are consid-
ered the most favourable for the production of high-
quality wines (Tonietto & Carbonneau 2004), which is
a clear advantage of southern Europe over higher lati-
tudes. Nonetheless, excessive dryness (DI < –100 mm;
first interval in Fig. 5) commonly leads to a state of
hydrological stress in grapevines, having a potentially
negative impact on wine yield and quality. Under the
B1 and A1B scenarios, dryness is expected to increase
over most of Europe. Some parts of southern Europe
are effectively projected to become very dry (e.g.
southern Iberia, Italy and southeastern Balkan Penin-
sula), so that irrigation of vineyards might be necessary
to maintain wine yield and quality at current levels.

Aiming at quantifying the climatic suitability of a par-
ticular region for wine production, CompI provides the
fraction of winegrowing optimal years (i.e. when the 4
conditions stated in the ‘Materials and methods’ are
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simultaneously verified) in a certain time period and for
each grid point in Europe (Fig. 6). The CompI mean
pattern for C20 is mostly coherent with the spatial dis-
tribution of the viticultural areas in Europe (Fig. 6), at-
testing its usefulness in viticultural climatic zoning. In
both scenarios, there is a clear northward extension of

its pattern, which is particularly clear over several west-
ern European regions, especially in France. There are
also some emerging wine-producing regions over cen-
tral Europe, equatorward of 53° N, in regions where
temperatures can reach adequate values for grapevine
development. Nevertheless, the warming will be com-
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Huglin heliothermal index (°C)
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Fig. 2. Composites of the Huglin Heliothermal Index for the recent-past period (1960–2000; C20) and for 3 future periods under the
B1 and A1B SRES emission scenarios (2011–2040, 2041–2070, 2071–2100). The pattern for 2011–2040 under the B1 scenario is not
depicted as it is largely similar to the corresponding pattern for the A1B scenario. Classes were considered according to Huglin 

(1978)
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bined with persistent humid conditions in most of cen-
tral Europe (despite the precipitation decrease), which
can present a serious threat to wine production, as the
risk of grapevine contamination by diseases is very
likely to maintain relatively high in the future (Fig. 4).
In fact, if the HyI is excluded from CompI, an increase
of about 0.1 to 0.2 (increase of 10 to 20% in the number

of optimal years) is verified over central and eastern Eu-
rope (not shown). Conversely, the projected increase in
dryness might have a strong negative impact on wine
production and quality in some parts of southern Eu-
rope (DI below –100 mm), particularly in latitudes
southward of 40° N (e.g. south-western Iberia), where
sharp decreases in the CompI are depicted (Fig. 7).
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Cool Night Index (°C)
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Fig. 3. As in Fig. 2, but for the Cool Night Index. Classes were considered according to Tonietto (1999)
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In order to have a different perspective of the cli-
mate projections, the differences in the CompI mean
patterns between each future period for A1B and C20
are shown in Fig. 7; the corresponding patterns for
B1 were omitted as they do not present substantially
different information from the A1B scenario (not
shown). Results document progressive changes as the

greenhouse gas forcing gradually increases, though
there is also strong spatial heterogeneity. Focussing
on the main feature, a prominent increase in the
number of winegrowing optimal years is identified
within the approximate latitude belt of 45 to 55° N. In
contrast, there is a significant decrease in the number
of winegrowing optimal years over most of low-
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Hydrothermic Index (°C × mm)
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Fig. 4. As in Fig. 2, but for the Hydrothermic Index of Branas, Bernon and Levadoux. Classes were considered according to 
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altitude areas in southern Europe, which is strictly
due to the non-fulfillment of the DI ≥ –100 mm crite-
rion. However, in southern European high-altitude
regions the number of optimal years generally
increase, and climatic factors in some mountainous
areas are projected to be much more suitable for
wine production than at present.

4.  DISCUSSION AND CONCLUSIONS

Seven viticultural zoning indices show considerable
changes in Europe in future decades. A reshaping of
the European viticultural zoning is projected to occur
mainly in the stronger scenario (A1B). Detrimental
impacts on grapevine growth and development and on
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Dryness Index (mm)
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resulting wine yield and quality parameters are pro-
jected for southern Europe (e.g. Portugal, Spain and
Italy) due to the increased cumulative thermal and dry-
ness effects during the growing season. Conversely,
western and central European regions (e.g. southern
Britain, northern France and Germany) might benefit
from future climate conditions through higher wine

quality and new potential areas for viticulture. This
general assessment is also supported by previous find-
ings (e.g. Kenny & Harrison 1992, Jones et al. 2005b,
Stock et al. 2005).

The LGS is expected to rise all across Europe (Fig. 1),
with several new potential viticultural areas in western
and central Europe, featuring LGS values greater than
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the commonly accepted minimum threshold (182 d;
Jackson 2001). These results are consistent with recent-
past trends for Alsace, France (Duchêne & Schneider
2005) or with trends for other crops in Europe during
the 20th century (Lough et al. 1983). Results presented
here open the possibility for extending grapevine

growth to European regions currently too cold for this
crop. Although GSP is predicted to decrease in most of
Europe (Fig. 1), this is only of particular significance for
southern Europe, where current precipitations are al-
ready low and, in some cases, at the lower limit for non-
irrigated grapevine growth (Fig. 5). There is also a pro-
jected decrease in GSP over central and western
Europe, but the total values remain high enough for
winegrowing feasibility.

An increase of about 300 units in HI over the last 30
to 50 yr in 6 European winegrowing regions was previ-
ously reported (Jones et al. 2005a). Similar trends were
found in northeast Spain (Ramos et al. 2008), eastern
France (Duchêne & Schneider 2005) and central Italy
(Orlandini et al. 2009). Using a statistical regional cli-
mate model and the A1B scenario, Stock et al. (2005)
found that HI increased by 100 to 600 units in the years
from 1951 to 2050, with lower values for some Mediter-
ranean regions. In fact, excessive warming leads to
significant changes in HI, which is clear in the B1 and
A1B scenarios presented here (Fig. 2); a northward
extension of the mean HI pattern is clearly depicted in
the future, with favourable values for grapevine
growth projected in several areas of central and west-
ern Europe. CI establishes an equatorward limit for
wine production, taking into account optimal tempera-
tures for berry colour and terpenic aroma intensity dur-
ing ripening (Tonietto & Carbonneau 1998). Therefore,
the projected CI enhancement in the future can have
negative impacts on wine quality parameters in the
Mediterranean (Fig. 3). Hence, the HI cannot express
all thermal variability, as variability in nocturnal tem-
peratures is also important to grape maturation, justify-
ing the inclusion of CI in the thermal characterization
of a region.

Despite the relevance of the previous results, precip-
itation and temperature changes can expose grape-
vines to plant pathogens and then limiting viticulture
activities. The HyI patterns show that all areas with a
Mediterranean-type climate in southern Europe pre-
sent low risks of contamination, both in present and
in future scenarios, whilst higher latitudes present
moderate to high risks, with increasing values over
central and eastern Europe (Fig. 4). This situation is
particularly relevant for central Europe, where thermal
conditions tend to be gradually favourable to wine pro-
duction. In these regions, climate warming is not ac-
companied by a beneficial decrease in the risk of this
epidemic. This can be a limitation to wine production,
in spite of the general improvement in thermal condi-
tions. For instance, a strengthening in this disease
pressure (with resulting increase in fungicide sprays)
was previously reported for a region in northwestern
Italy under the A2 scenario, mostly because the effect
of temperature increase overcomes the beneficial pre-
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cipitation decrease (Salinari et al. 2006). Nonetheless,
the expected enhanced dryness (Fig. 5) and its associ-
ated severe water stress is also damaging for grape-
vine growth (Ojeda et al. 2001, Gu et al. 2004), albeit
grape quality is favoured by mild water stress condi-
tions during berry ripening (Koundouras et al. 1999,
dos Santos et al. 2003).

The CompI patterns combine 4 well-established cri-
teria for defining a winegrowing optimal year (Figs. 6
& 7). Changes in its mean patterns reveal that in large
areas of central and western Europe climatic factors are
projected to become more suitable for grapevine grow-
ing, while in most of low-altitude regions in southern
Europe (where traditional and highly renowned wine
production sectors are located) grapevine growth is ex-
pected to face excessive dryness. However, higher-
altitude areas in southern Europe can provide optimal
alternatives for the viticultural sector, as thermal con-
ditions might become mostly favourable and precipita-
tion and humidity will remain above the minimum crit-
ical values. With respect to the current renowned
viticultural areas in Europe, regions in central and
western Europe (e.g. Bordeaux, Loire Valley, Bour-
gogne, Champagne, Alsace, Mosel, Rheingau, Mittel-
rhein) can be favoured, whereas regions in southern
Europe (e.g. Alentejo, Douro Valley, Andalusia, Castile
La-Mancha, Sicily, Puglia, Campania) can be nega-
tively affected by climatic change. In addition, north-
ernmost regions can gain potential for a wide range of
wine varieties. In fact, a shift from white to red (more
heat demanding) varieties is already happening in
some German winegrowing regions (Stock et al. 2005).

These predicted changes are new challenges that
can be a threat for the viticultural sector if no suitable
adaptation measures are planned and implemented in
a timely manner. For example, it will be necessary to
implement vineyard irrigation in some excessively hot
and dry climates, which might be the case for most of
southern Europe at the end of the 21st century (Schultz
2000). Other studies also suggest that some southern
European regions can become excessively warm and
dry for producing high-quality wines (Kenny & Harri-
son 1992, Jones et al. 2005b). However, the wide-
spread implementation of irrigation systems can be
expensive and environmentally unsustainable. More-
over, the predicted general rise in evaporation and the
decrease in the amount of rainfall may limit such
approaches on a wide scale. Furthermore, the fragile
balance between agricultural water demands and in-
creasing civil needs may raise political and legal
issues. In northern Europe, adaptation measures are
also required to take maximum advantage of the new
favourable climatic conditions.

The present study is only focused on the climatic
forcing on viticultural zoning in Europe. These climatic

scenarios encompass some uncertainties related to the
emission scenarios and to the model parameterizations
and integrations. The direct effects of enhanced
carbon dioxide concentration are out of the scope of
the present study, though there is some evidence for
positive physiological effects on grapevines (e.g.
Moutinho-Pereira et al. 2009). Nevertheless, as this
concentration will vary uniformly over the Earth’s sur-
face, it is not a direct differentiating factor among the
European regions. Further, mesoclimate characteris-
tics, local and egional orography and solar exposition
are also important factors to consider as adaptation
measures. Since new winegrowing regions might
emerge in the future, their soil characteristics (e.g.
morphology, texture, organic matter, soil depths) must
not be ignored. Agricultural practices, wine production
techniques, variety selection and genetic manipulation
might also play a key role for the adaptation measures
of the viticultural sector in response to climate change.

In future work, other emission scenarios will also be
taken into account, such as the A2 SRES scenario (not
currently available in the CLM dataset), which will
provide a broader range of projected future conditions.
The A2 scenario can be considered particularly realis-
tic, since the current greenhouse gas emissions are
already following its trajectory. Furthermore, the simu-
lation of the climatic variables (e.g. temperature and
precipitation fields) must be improved to correct exist-
ing bias. Since these model deficiencies explain some
differences found between the simulated and the
observed bioclimatic index patterns, their correction
will increase the reliability of future projections.
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