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Abstract
Evaluating the potential climatic suitability for premium wine production is crucial for 
adaptation planning in Europe. While new wine regions may emerge out of the tra-
ditional boundaries, most of the present-day renowned winemaking regions may be 
threatened by climate change. Here, we analyse the future evolution of the geography 
of wine production over Europe, through the definition of a novel climatic suitability 
indicator, which is calculated over the projected grapevine phenological phases to ac-
count for their possible contractions under global warming. Our approach consists in 
coupling six different de-biased downscaled climate projections under two different 
scenarios of global warming with four phenological models for different grapevine va-
rieties. The resulting suitability indicator is based on fuzzy logic and is calculated over 
three main components measuring (i) the timing of the fruit physiological maturity, (ii) 
the risk of water stress and (iii) the risk of pests and diseases. The results demonstrate 
that the level of global warming largely determines the distribution of future wine re-
gions. For a global temperature increase limited to 2°C above the pre-industrial level, 
the suitable areas over the traditional regions are reduced by about 4%/°C rise, while 
for higher levels of global warming, the rate of this loss increases up to 17%/°C. This is 
compensated by a gradual emergence of new wine regions out of the traditional bound-
aries. Moreover, we show that reallocating better-suited grapevine varieties to warmer 
conditions may be a viable adaptation measure to cope with the projected suitability 
loss over the traditional regions. However, the effectiveness of this strategy appears to 
decrease as the level of global warming increases. Overall, these findings suggest the 
existence of a safe limit below 2°C of global warming for the European winemaking sec-
tor, while adaptation might become far more challenging beyond this threshold.

K E Y W O R D S
adaptation to climate change, climate change, general circulation model, phenological model, 
Vitis vinifera L.
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1  |  INTRODUC TION

Climate conditions are the main constraints in determining whether 
a specific crop is suitable to a given region and represent a crucial 
factor in defining the agricultural vocation of a specific area, its tra-
ditions and its economic opportunities. This is especially true for the 
winemaking sector, for which climate conditions establish the de-
gree of appropriateness of a specific grapevine variety to a specific 
site and also determine the year-to-year yield, vintage quality and 
value (Jackson & Lombard, 1993). Optimal conditions for wine pro-
duction depend on a vulnerable equilibrium between several climatic 
variables, for example temperature, solar radiation, precipitation, 
humidity, wind and evapotranspiration. Among them, temperature 
is arguably the most important factor, as it influences grapevine 
phenology by determining its development, from budbreak to fruit 
maturity (Jones & Alves, 2012), as well as affecting vine physiology 
and fruit metabolism/composition (Coombe,  1987). The timing of 
the growing stages and phenophases intervals are critical aspects 
in achieving an optimal ripening with a balanced level of sugars and 
acids in the berry (van Leeuwen et al., 2019) and an optimal devel-
opment of the flavour components (van Leeuwen et al., 2022). For 
a given grapevine variety in the Northern Hemisphere, it has been 
shown that, for present-day conditions, full ripeness should ideally be 
reached between approximately September 10 and the October 10 
(van Leeuwen & Seguin, 2006), when fruits can be harvested under 
relatively mild climate conditions, thus favouring the highest possi-
ble wine quality potential. Such a timing constraint requires the aver-
age temperature during the growing season to be bounded within a 
narrow range, which differs according to each grapevine variety, for 
example around 14–17°C for early ripening varieties and 17–20°C 
for late ripening varieties (Jones, 2006). Precipitation also plays an 
important role in determining an optimal ripening. On the one hand, 
a lack of rainfall can produce a severe decrease in grape produc-
tivity in the absence of irrigation (Moutinho-Pereira et al.,  2004). 
On the other hand, excessive precipitation during spring increases 
the possibility of pests and diseases, such as downy mildew (Boso & 
Kassemeyer, 2008; Carbonneau, 2003) and, in general, have a det-
rimental effect on wine quality (van Leeuwen et al., 2009). For this 
reason, the most renowned quality wines are produced in regions 
where annual rainfall is between 500 and 800 mm/year (Anderson & 
Nelgen, 2020; Jackson & Schuster, 1987).

The ensemble of these climatic constraints defines a set of bio-
climatic indices that have been commonly used to identify poten-
tially suitable vineyard sites and a locally appropriate selection of 
grapevine varieties. Optimal climatic conditions for premium wine 
production can be found over a large part of Europe, where grape-
vine cultivation and winemaking have been practised historically 
(Jellinek, 1976). Today, viticulture is one of the continent's major cul-
tural and economic patrimony: in 2018, Europe produced about 190 
MhL (OIV, 2019) of wine, meaning almost 2/3 of the world produc-
tion, that is, 292 MhL (OIV, 2019). Such high-volume and high-quality 
production condensed in a relatively small area is largely due to the 
presence of three main water bodies, that is, the Atlantic Ocean, the 

Mediterranean Sea and the Black Sea, which mitigates the climate 
over most of the continent and promoted the viticultural history and 
traditions over the centuries (Jellinek, 1976). The overall mild climate 
over Europe, along with large variations in soils and microclimates 
due to rivers, mountains, hills, or flat lands produces a considerable 
diversity in terms of wine typicity (Lacombe et al., 2011). It has been 
estimated that in Europe there are more than 1000 different typical 
grapevine varieties that are vinified and commercialized (Robinson 
et al., 2013), giving way to a policy aimed at preserving their geo-
graphic specificity (terroir, the base of the demarcated appellations 
of origin).

However, climate change might alter the existing climatic profile 
of these winegrowing regions, potentially affecting the boundaries 
of varietal suitability (Schultz & Jones, 2010). Observations over the 
last decades have already demonstrated that the general increase 
in temperature over Europe has caused an advancement of wine 
grape phenology (Andreoli et al., 2019; Duchêne & Schneider, 2005; 
García de Cortázar-Atauri et al., 2017; Ramos et al., 2008; Tomasi 
et al.,  2011), determining alterations of the fruit composition and 
quality (Drappier et al., 2019; Jones & Davis, 2000; Teslic, Zinziani, 
et al., 2018; van Leeuwen & Darriet, 2016). Recent warming also led 
to significant changes of most of the bioclimatic indices over the pe-
riod 1950–2009 (Santos et al., 2021).

According to the IPCC  (2021), global mean surface tempera-
ture will continue to increase until at least the mid-century under 
all emissions scenarios considered, and the levels of global warm-
ing of 1.5 and 2°C above the pre-industrial will be exceeded during 
the 21st century unless deep reductions in greenhouse gas emis-
sions occur in the coming decades. This gave rise to concern about 
the future viticulture over the traditional wine regions, promoting 
numerous studies on the zoning of future wine production in a 
context of global warming. At the global scale, Hannah et al. (2013) 
analysed an ensemble of climate projections for different emission 
scenarios, prefiguring a 25%–73% loss of suitable area over the 
major present-day wine regions by 2050 for the most pessimistic 
RCP8.5 emission scenario, while the loss for the RCP4.5 was just 
slightly lower, that is, from 19% to 62%. However, van Leeuwen 
et al.  (2013) argued that such an assessment may overestimate 
potential losses, as the methodology relied on monthly mean pro-
jections and did not take into account varietal specificity in each 
region, nor the capacity of adaptation to warmer conditions. More 
recently, Morales-Castilla et al.  (2020) used a set of bioclimatic 
indices calculated after the simulation of the onset of ripening 
(i.e. veraison) for 11 different varieties according to different 
realizations of one ocean–atmosphere general circulation model 
(GCM). They found that variety diversity can substantially reduce 
the projected losses of current winegrowing areas under warmer 
conditions.

At the continental scale, by defining a set of bioclimatic indices 
calculated using daily outputs from climate IPCC SRES projections 
(Meehl et al., 2007), Malheiro et al.  (2010), Fraga et al.  (2013) and 
Moriondo et al.  (2013) reported a gradual northward and upward 
shift of climatic suitability for grapevine cultivation in Europe. Such 
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    |  3SGUBIN et al.

a response implies a progressive detrimental impact on wine produc-
tion over most of Southern Europe due to increasing temperature 
and dryness. In contrast, more suitable conditions appear in northern 
and central Europe, although warmer conditions over relatively wet 
regions may increase the risk of pests and diseases (Bois et al., 2017). 
By coupling CMIP5 (Taylor et al.,  2012) climate projections under 
RCP scenarios (Meinshausen et al., 2011) with the STICS crop model 
(Brisson et al., 1998), Fraga et al. (2016) evidenced an enhanced dry-
ness over the wine regions of southern Europe implying a reduction 
of yield and leaf area, although an overall increase of potential areas 
for grapevine cultivation, notably in northern Europe. The same pat-
tern was confirmed by Cardell et al.  (2019), who re-calculated the 
bioclimatic indices after bias-adjustment of the downscaled climate 
projections to more properly project climate model outputs at the 
local scale.

At a more regional scale, the projected increase in minimum 
temperatures during ripening has been shown to decrease the 
wine quality in the Iberian Peninsula (Fraga et al., 2012; Malheiro 
et al.,  2012), while possible water deficit may seriously compro-
mise future yields in Spain (Fraga et al., 2012; Malheiro et al., 2012; 
Yang et al., 2022). Teslic, Vujadinović, et al. (2018) showed that, by 
the end of the 21st century, the Emilia-Romagna region (Italy) may 
become completely unsuitable for winegrape production under 
the RCP 8.5 scenario, while its preservation may be still possible 
under RCP4.5, yet highly conditional on the adaptation measures 
to climate change that will be adopted. Koufos et al.  (2017) hy-
pothesized that warmer and drier conditions expected over Greece 
may possibly advance the maturity of grapevine beyond its suit-
ability threshold, having detrimental impacts on wine quality. In 
contrast, climate changes are expected to be beneficial for many 
areas of central and northern Europe, where new vineyards may 
emerge (Jones & Schultz, 2016). Eitzinger et al. (2009) prefigured 
a doubling of potentially suitable areas for grapevine in Austria by 
the 2050s, in line with the expansion of wine regions predicted by 
Gaal et al.  (2012) in Hungary, by Maciejczak and Mikiciuk  (2019) 
in Poland and the trend evidenced in Romania (Irimia et al., 2018). 
New suitable areas are also expected in the UK and Wales 
(Nesbitt et al., 2018) as well as in Scotland (Dunn et al., 2017) and 
Scandinavia. A more extensive review on the impacts of climate 
change on European viticulture has been reported in Droulia and 
Charalampopoulos (2021).

Beyond these qualitative estimations of the future changes of 
the geography of wine regions, to date, a comprehensive quanti-
tative assessment of the extension of both new emerging regions 
and of the area loss over traditional wine regions is missing at the 
European scale. To achieve this, we defined here a new bioclimatic 
index for wine production suitability, which is based on fuzzy logic 
and takes simultaneously into account (i) the optimal timing for fruit 
physiological maturity, (ii) the risk of water stress and (iii) the risk 
of pests and diseases. We then used this new bioclimatic index to 
determine the future climatic suitability for wine production across 
Europe, including a comprehensive assessment of uncertainty due to 
both climate and phenological models.

2  |  METHODOLOGY

The methodology for the assessment of the climatic suitability for 
optimal wine production in Europe is based on five main points:

1.	 Coarse-resolution simulations of future climate by means of 3 
CMIP5 GCMs under the RCP4.5 and RCP8.5 scenarios.

2.	 Dynamical downscaling of the GCM simulations over Europe with 
CLMcom and RCA4-SMHI regional models.

3.	 Bias adjustment of the model variables based on a quantile map-
ping method.

4.	 Offline coupling of the climate outputs with four phenological 
models for the main developmental stages of the grapevine.

5.	 Definition of climatic suitability indicator S for premium wine 
production based on the simulated phenological stages of the 
grapevine.

2.1  |  Climate projections

We used climate projections from three different GCMs, participating 
to the CMIP5 project (Taylor et al.,  2012), namely the CNRM-CM5 
model (Voldoire et al., 2013), the EC-EARTH model (Sterl et al., 2011) 
and the MPI-ESM-LR model (Giorgetta et al.,  2013). These models 
were selected as they provide gridded daily climatic data at global 
scale and at spatial resolution in the order of hundreds km, that is 
O(100 km), for the historical period (1850–2005) and future pro-
jections (2006–2100). In the historical simulations, the external 
boundary conditions consist of prescribed observed radiative forcing 
representing all known aerosols and greenhouse gases concentra-
tions in the atmosphere estimated from observational data as well 
as modulations of the solar irradiance and the effect of past volcanic 
eruptions. Initial conditions are obtained from the O(1000)-year con-
trol (pre-industrial) simulation under fixed external forcing. Here we 
use historical simulation outputs from 1980 to 2005. The future pro-
jections are initialized in 2006 from the historical simulations and are 
forced by a common pattern of external forcing until 2100 describ-
ing different possible emission scenarios, that is the RCP scenarios 
(Meinshausen et al., 2011; Moss et al., 2010). Here, we analyse results 
from the RCP4.5 and RCP8.5 scenarios, respectively prefiguring a sta-
bilization of radiative earth budget imbalance at 4.5 and 8.5 W m−2 
by the end of the century. The climatic variables used for our analysis 
are mean temperature, minimum temperature, maximum temperature 
and precipitation.

2.2  |  Dynamical downscaling: The regional models

In order to have climate projections with a more accurate resolution 
of localized extreme events, we used dynamically downscaled climate 
projections carried out within the European CORDEX project (Jacob 
et al., 2014). In this framework, the outputs from the GCMs have been 
used to drive different regional circulation models (RCM) operating on 
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4  |    SGUBIN et al.

different sub-regions and at different spatial resolution. Here we used 
the dynamical downscaling according with two RCMs, that is CCLM4-
8-17 (CLMcom,  2016) and SMHI (Samuelsson et al.,  2011), over the 
EUR-11 domain, which consists of a grid spacing of 0.11° (12.5 km), over 
the region delimited by 60.21°N, 315.86°E (top left); 66.65°N 64.4°E 
(top right); 22.20°N, 350.01°E (lower left); and 25.36°N, 36.30°E (lower 
right). A more detailed description of the downscaling method can be 
found on the CORDEX Internet site (http://cordex.org).

2.3  |  Bias-adjustment procedure

The direct use of raw model outputs may produce partially incorrect 
or even unrealistic assessments, due to systematic biases affect-
ing climate simulations. This may be notably relevant for the present 
study, where climate models' results are used to force different phe-
nological models relying on cumulative thermal forcing, for which a 
small bias in daily temperature projections may produce a large error 
in the actual calculation of the pheno-periods. In order to address 
such a potential limitation, we used bias adjusted data provided by 
“the Climate Data Factory” (https://thecl​imate​dataf​actory.com/). The 
bias-adjustment procedure relies on the Cumulative Distribution 
Function transform (CDF-t) method (Famien et al., 2018; Michelangeli 
et al., 2009; Vrac et al., 2016), which is based on the quantile map-
ping (QM) method (Vrac et al., 2012). It consists in the adjustment of 
the raw simulated temperature through a transfer function, such that 
its cumulative distribution function (CDF) matches the observed one 
over a calibration period. Here, the transfer function was calculated 
from EURO4M MESAN data (Bärring et al., 2014), interpolated over 
the EUR-11 CORDEX grid. Note that the CDF-t method also accounts 
for the evolution of the large-scale CDF from historical to future time 
period (Michelangeli et al., 2009; Vrac et al., 2012), thus preserving 
the long-term trends in climate models data. This characteristic makes 
the CDF-t method particularly suited for climate projections, and thus 
extensively used for impact analyses of future climate change (e.g. 
Vautard et al., 2013; Vrac et al., 2012; Vrac & Friederichs, 2015).

2.4  |  Phenological models

The gridded daily downscaled and adjusted climatic data have been 
finally used to simulate the duration of the relevant phenological 
phases, that is, budburst, flowering, veraison and maturity, from 1980 
to 2100 for different grapevine varieties. Their simulation classically 
relies on thermal models based on the cumulative heat (or chilling) 
requirement (Bonhomme, 2000). According to this approach, the day 
of occurrence of a given phenological phase tp coincides with the ful-
filment of a critical temperature forcing F* formalized as of the sum of 
daily forcing units Fu after a certain starting day t0:

Depending on the different assumptions for t0 and on the differ-
ent formulations for the function Fu, different types of phenological 
models have been developed. Here, we use four different versions, 
namely (i) a linear sequential model, (ii) a non-linear sequential 
model, (iii) a linear non-sequential model and (iv) a non-linear 
non-sequential model (Table 1). The different formulations of t0 in 
Equation  (1) identifies two main model categories: the sequential 
models ((i) and (ii)), in which each phenological stage after the winter 
dormancy is calculated starting from a previous stage (the starting 
day t0 in Equation 1 is recursively calculated), and the non-sequential 
models ((iii) and (iv)), in which each phenological stage is calculated 
from a fixed day of the year (the starting day t0 in Equation 1 is set 
a priori). These two model categories have been further discerned 
in two typologies, that is linear ((i) and (iii)) and non-linear models 
((ii) and (iv)), depending on the definition of Fu in Equation (1). Thus, 
a total of four phenological models have been used, covering all the 
range of the state-of-the-art model typologies available in the lit-
erature. The linear models mainly rely on a linear relation between 
temperature and plant growing, that is the growing degree day (GDD 
model), based on which different targeted models have been devel-
oped (Table 1), that is, the BRIN model (Garcia de Cortazar-Atauri 
et al., 2009), the GFV model (Parker et al., 2013) and the GSR model 
(Parker et al., 2020). The non-linear models follow different formu-
lations based either on a sigmoidal relation between temperature 
and plant growing, that is, the UNIFORC and UNICHILL models 
(Chuine, 2000), or on a curvilinear function of the WE model (Wang 
& Engel, 1998). Our approach is based on a clustering methodology, 
meaning that we apply the phenological models to different grape-
vine varieties. Initially, we calculated the occurrence of budburst, 
flowering, veraison and maturity for three grapevine varieties, which 
are respectively representative of three clusters of grapevine vari-
eties depending on their different heat requirements for ripening 
(Parker et al., 2013, 2020; van Leeuwen et al., 2008). Chardonnay 
is taken as the representative for early-to-mid range ripening vari-
eties, Syrah and Merlot for middle ripening varieties and Cabernet-
Sauvignon for mid-to-late ripening varieties. The choice of these 
grapevine varieties has been constrained by the available published 
calibration and validation for the four different phenological models. 
Then, in order to better cover all the range of possible grapevine va-
rieties, we also included two additional grapevine varieties clusters, 
namely early ripening varieties, and late ripening varieties. Their 
definition is based on the phenological simulations of respectively 
Chardonnay and Cabernet-Sauvignon, imposing that (i) the maturity 
day of the early ripening cluster occurs 10 days earlier than the sim-
ulated maturity day for Chardonnay, and (ii) the maturity day of the 
late ripening occurs 10 days later than the simulated maturity day of 
Cabernet-Sauvignon. We assume that grapevine maturity is gener-
ally achieved when the fruit sugar concentration is 200 g/L (Parker 
et al., 2020). A summary of the mean features of the four phenolog-
ical model typologies is illustrated in Table  1, while their detailed 
formulation and calibration are respectively given in Supplementary 
Text 1 and Supplementary Table 1.

(1)tp:

tp
∑

to

Fu = F∗.
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2.5  |  Suitability index

Climatic suitability for premium wine production is here defined by 
conditions under which the winemaking is environmentally and eco-
nomically sustainable. This implies that the fruits reach their matu-
rity under certain external conditions that can fully favour the wine 
quality potential, that is when grape berry technological ripeness 
(Carbonneau et al., 1998), phenolic ripeness (Kennedy et al., 2006) 
and aromatic ripeness (Noble et al., 1984; van Leeuwen et al., 2022) 
are reached in short time frame (van Leeuwen & Seguin,  2006). 
Quality and typicity are among the main sources of consumer's will-
ingness to pay, resulting in added value in wine production (Tempere 
et al., 2019), thus compensating the production and vineyard man-
agement costs. Moreover, the concept of climatic suitability also 
implies that human activity during the grapevine growing is limited 
as much as possible, in order to minimize costly procedures and ap-
proaches that might affect the environmental health, such as irriga-
tion or massive use of pesticides. Under these premises, we defined 
an indicator S at each grid point and for each year from 1980 to 
2099, that translates the concept of climatic suitability just intro-
duced into a measurable metric. The definition of S follows some 
previous studies (Fraga et al., 2013; Malheiro et al.,  2010, 2012; 
Santos et al., 2012), in which the optimal suitability for grapevine 
growth was defined by the fulfilment of specific conditions on three 
different bioclimatic indexes, that is (1) Huglin heliothermal index 
(HI; Huglin,  1978), which relies on a degree-day accumulation be-
tween April and September to individuate the appropriate mean 
temperature conditions for grapevine growing; (2) dryness index (DI; 
Riou et al., 1994; Tonietto & Carbonneau, 2004), which relies on the 
cumulative precipitation between April and September to assess the 
level of dryness relevant for wine production; and (3) the hydrother-
mic index (HyI; Branas, 1974), which relies on both precipitation and 
temperature sum between April and August to estimate the risk of 
downy mildew disease (Carbonneau, 2003). The resulting composite 
index was based on Boolean logic, and its value is 1 if the conditions 
on the three bioclimatic indexes are simultaneously satisfied and 0 
otherwise.

Our approach is also based on the definition of the climatic suit-
ability S as a composite index accounting for temperature, precipita-
tion and their mutual effects, but with two substantial differences 
compared to previous studies on changes in vineyard suitability 
under climate change. First, the S indicator calculated here is over 
the simulated phenological stages and not over a fixed period of 
year. This allows us to account for the potential shifts of the devel-
opmental stages of the grapevine under a warming scenario. Second, 
our indicator S is based on fuzzy logic, so that it can range between 0 
and 1. This allows us to handle the concept of “partial” suitability, as 
S may capture all the range of degree of suitability between fully op-
timal conditions (S = 1) and completely unsuitable conditions (S = 0). 
Under these premises, we define the composite climatic suitability 
indicator S as:

(2)S = SMSPSz,TA
B
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6  |    SGUBIN et al.

where SM, SP and SZ are dimensionless indexes between 0 and 1.
The SM index indicates whether the simulated day of maturity 

falls within the temporal windows for an optimal fruit development. 
Its definition is conceptually similar to the HI index, that is, the first 
component of the composite index in Malheiro et al. (2010), Santos 
et al. (2012), Malheiro et al. (2012), Fraga et al. (2013), as it primarily 
depends on the heat accumulation requirement of the grapevine. 
Following the formulation made in Hannah et al. (2013), we assume 
here that the climatic conditions for SM are fully suitable if the mean 
temperature of the 30 days preceding the maturity occurrence 
is bounded between 22°C (TOPT1 in Figure 1a) and 15°C (TOPT2 in 
Figure 1a), while it linearly decreases for the 25 days beyond these 
temperature limits (Figure 1a). The temporal window for full suit-
ability has been, in any case, constrained between two limit days 
of the year (DOY), that is, the 10 August and the 10 November. 
This means that maturity reached before the 15 July or after the 
5 December yields to a null suitability SM. We also tested two dif-
ferent formulations of the optimal window for maturity, under two 
alternative definitions of TOPT1 and TOPT2, that is respectively (i) by 
using the minimum temperature in place of mean temperature and 
(ii) by using fixed days of the year (see Supplementary Text 2 for 
more details).

The SP index indicates whether the soil–water availability due 
to precipitation is enough to prevent excessive water deficit during 
the plant growth. The imposed conditions are based on the condi-
tions used in Malheiro et al.  (2010), Santos et al. (2012), Malheiro 
et al.  (2012), Fraga et al.  (2013) for the DI, but calculated over the 
period between budburst and veraison, in a simplified manner, as 
follows:

where W0 is the initial soil water reserve at field capacity (mm), here 
assumed to be constant for each year at the budburst day, that is, 
W0 = 200 mm; P is the simulated daily precipitation (mm); k is a non-
dimensional crop coefficient; which here is considered constant, that 
is, k = 0.5; and ET0 is the reference evapotranspiration (mm) calculated, 
for each grid point, from the simulated air temperature according with 
the Hargreaves formula (Hargreaves & Samani, 1985), under the as-
sumption of constant initial useful soil-water reserve. This formulation 
implies that vineyard evapotranspiration is a constant fraction of ET0 
throughout the grapevine growing season, thus not accounting for 
the increase in grapevine transpiration as leaf area grows and for the 
changes in grapevine stomatal regulation under limited water availabil-
ity. According to Fraga et al. (2013), the SP index is 0 if the DI index is 
lower than −100 mm (severe water deficit), and it linearly increases for 
values between −100 and 100 mm, beyond which the hydric conditions 
are considered as optimal, that is, SP = 1 (Figure 1b). It is worth noticing 
that the conditions in Figure 1b have been applied for the DI calculated 
at the veraison day and not at the maturity day to account for the fact 
that a moderate water deficit during grape ripening is beneficial for the 
wine quality (van Leeuwen et al., 2009).

Finally, the SZ index indicates whether the combination of con-
ditions on temperature and precipitation are suitable to prevent the 
risk of severe plant diseases. The imposed conditions are based on 
those used in Malheiro et al.  (2010), Santos et al. (2012), Malheiro 
et al. (2012), Fraga et al. (2013) for the HyI index (Figure 1c), but cal-
culated over the period between budburst and maturity:

where P is the simulated daily precipitation (mm) and T is the simulated 
daily temperature (°C), and c =

(

DOYMAT − DOYBUD

)

∕152 is a scaling 
factor to comply with the threshold values in Malheiro et al.  (2010), 

(3)DI = W0 +

t=VER
∑

t=BUD

(

P − k × ET0
)

,

(4)HyI = c ×

t=MAT
∑

t=BUD

(P × T),

F I G U R E  1  Schematic of the methodology used for (a) the 
calculation of SM; (b) the calculation of SP; and (c) the calculation of 
SZ. Following their definitions given in Section 2, the three indexes 
are plotted against (a) the day of maturity, (b) the dryness index (DI) 
(Equation 3) and (c) the hydrothermic index (Equation 4). The green 
regions indicate the conditions of full suitability, which are bounded 
by specific limits. For SM, these limits coincide with the first day 
for which the following 30-days mean temperature is below 22°C 
(TOPT1) and the first day for which the following 30-days mean 
temperature is below 15°C (TOPT2). For SP and SZ the limits are 
based on those defined in Fraga et al. (2013).
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    |  7SGUBIN et al.

Santos et al. (2012), Malheiro et al. (2012), Fraga et al. (2013), that is the 
number of days between the simulated budburst and maturity divided 
by the number of days between the 1 April and the 30 August, that is, 
152 days. Following the definition of suitability in Malheiro et al. (2010), 
Santos et al. (2012), Malheiro et al. (2012), Fraga et al. (2013), the SZ 
index is 0 for HyI > 7500°C mm, while we set the full suitability, that is, 
SZ = 1, for HyI < 2600°C mm (Figure 1c).

2.6  |  Extension of suitable regions for 
wine production

To quantify the extension of suitable regions for high quality wine 
production, we first calculate the best S score (Equation 2) among 
the five grapevine clusters for each grid point. This metric estimates 
the maximum potential for a given region to produce high quality 
wine, independently of the precocity of the chosen grapevine vari-
ety, thus identifying an additional cluster, hereafter simply referred 
to as Vitis vinifera. Moreover, we introduce a threshold L for the in-
dicator S and, for a given period, we define a region as climatically 
suitable for wine production when this threshold is exceeded. We 
tested sensitivity of the suitable areas to the threshold L in the range 
from 0.50 to 0.75, and chose the value that best represented the 
present-day distribution of suitable areas over Europe (Johnson & 
Robinson, 2013), that is, L = 0.65.

To define a reference pattern against which the future evolu-
tion of climatic suitability for wine production can be assessed, 
we calculate the mean V. vinifera suitability index S over a 30-year 
baseline period, that is, 1980–2009, and we identify the surface 
mask for which it exceeds the threshold L. We target the resulting 
surface mask as the traditional wine region, and we consider it as 
the present-day suitable region. We then analyse the evolution of 
suitable areas from this reference pattern by identifying the surface 
mask for which the condition S > L is satisfied for V. vinifera in climate 
projections. Finally, we assess, for a specific period after 2009, the 
extension of (i) new wine regions and (ii) area loss over the tradi-
tional wine regions over a specific period of the future. We define 
the former as the measure of suitable areas outside the mask of the 
traditional wine region, while the latter is the portion inside the mask 
of the traditional wine region that does not satisfy the condition S > L 
anymore.

2.7  |  Varietal diversity and potential benefits of 
varietal turnover in future climate

The suitability for V. Vinifera over a specific region implies that this 
region is climatically suitable for at least one of the five grapevine 
varieties considered here. Nevertheless, a given region may be cli-
matically suitable for more than one of these varieties, thus intro-
ducing the concept of varietal diversity, that we define here as the 
number of different grapevine varieties that simultaneously satisfy 
the suitability conditions S > L. The varietal diversity represents an 

additional factor to be considered when assessing the evolution of 
the geography of wine, as in many traditional wines actually differ-
ent varieties are being used. Also, the varietal diversity indicates, to 
some extent, the potential adaptivity of a given region, as it meas-
ures the range of possible variety turnover allowed according to the 
characteristic local climatic conditions.

To quantify the benefits coming from a varietal turnover as a 
possible adaptation measure to climate change, the assessment of 
area loss over traditional wine regions presented above for V. vini-
fiera has been finally extended to the single grapevine variety. We 
hypothesize two different approaches: (i) a conservative approach, 
in which a specific variety is supposed to be fixed over the time and 
(ii) a flexible approach, in which we consider the possibility to re-
place one specific variety with a more climatically suitable one. By 
using the definition of climatic suitability given above, that is, S > L, 
we estimate the area loss within the traditional regions for these 
two approaches, and we evaluate their differences. This eventually 
allows for an assessment of the portion of suitable area within the 
traditional regions that can be potentially preserved to wine produc-
tion when adopting a flexible approach.

2.8  |  Uncertainty attribution to cause

All the outcomes here are based on a set of different model simula-
tions, which implies an uncertainty of their ensemble mean. Since 
each simulation relies on a specific GCM g, downscaled with a 
specific RCM r, and coupled with a specific phenological model p, 
there are three main sources of uncertainty. In this regard, follow-
ing a similar approach as in Hawkins and Sutton (2009) and Lehner 
et al.  (2020), we quantify the uncertainty of the results related to 
each of these components. For a given emission scenario, the pre-
diction Sv of a specific variable v at time t, can be assumed to be 
partitioned as:

where Sv(t) is ensemble mean of all the 24 simulations at time 
t = 1, 2, …, 120, ΔGCM is the deviation due to GCM g (with g = 1, 2, 3), 
ΔRCM is the deviation due to the RCM r (with r = 1, 2), and ΔPHENO is 
the deviation due to the phenological model p (with p = 1, 2, 3, 4). This 
formulation allows us to isolate three different sources of uncertainty, 
that is, the one associated with (i) different GCMs, (ii) different RCMs 
and (iii) different phenological models. Indeed, from Equation (5), the 
total uncertainty �tot of the 24 simulations can be approximated to a 
summation of variances �∗

tot
 as follows:

where �GCM is the variance of the means of the eight simulations 
performed with the three GCMs, �RCM is the variance of the means 
of the 12 simulations performed with the two RCMs and �RCM is the 
variance of the means of the six simulations performed with the four 

(5)Sv(t, g, r, p) ≈ Sv(t) + ΔGCM(t, g) + ΔRCM(t, r) + ΔPHENO(t, p),

(6)�tot(t) ≈ �
∗
tot
(t) = �GCM(t) + �RCM(t) + �PHENO(t),
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8  |    SGUBIN et al.

phenological models. Therefore, the fractional uncertainty from a given 
source is respectively calculated as �GCM(t)∕�∗

tot
(t); �RCM(t)∕�∗

tot
(t); 

and �PHENO(t)∕�∗
tot
(t). This formulation assumes that the three sources 

of uncertainty are additive, which presupposes that the three terms 
ΔGCM,ΔRCM,ΔPHENO in Equation (5) are orthogonal. This is an accept-
able assumption in this specific context, since GCMs, RCMs and phe-
nological models are formally independent. We performed the analysis 
on the uncertainty on two variables of interest: (i) the total suitable 
area over Europe and (ii) the percentage of area loss over the tradi-
tional regions, which will be the core variables of our results.

3  |  RESULTS

3.1  |  Present-day distribution of suitable areas for 
high quality wine

The starting point of this analysis focuses on the qualitative evolution 
of the pattern of the simulated suitable areas for high quality 
wine production from the baseline period (Figure  2) to the future 
(Figures 3 and 4). The definition of suitable area (see Section 2) is a 
function of the absolute suitability index S for each variety, whose 
pattern from 1980 to 2100 (Figure S1) is determined by the different 
contributions of SM (Figure S2), SP and SZ (Figure S3), as described in 
Supplementary Text 3. In the upper panel of Figure 2, the contoured 
regions delimit the potential suitable area for V. vinifera for L = 0.65 
(see Section  2) over the baseline period, that is what we refer to 
as traditional wine regions here-in-after. Within this area, each 
location has been characterized by its best suited grapevine variety, 
identified according with the maximum S indicator among the five 
grapevine clusters (Figure S1). Most of the simulated wine regions are 
located between the southernmost part of Europe and 48°N (as also 
sketched in Figure S1), covering more than 90% of the total suitable 
area. Earlier grapevine varieties meet best climatic conditions 
mainly north of 45°N and in the hilly and sub-mountain regions of 
southern Europe, while later grapevine varieties are best suited in 
the coastal regions of the Atlantic and Mediterranean sectors south 
of 45°N. The Figure 2b shows the map of varietal diversity for the 
baseline period. High potential for grapevine diversity covers most 
of the regions between 40°N and 46°N. In this latitude band, some 
regions like Bordeaux (France), La Rioja (Spain), Douro (Portugal) 
and Tuscany (Italy) appear currently as the most adaptive, since, 
on average, suitable climatic conditions subsist for all the five 
grapevine clusters here analysed. Along with these regions showing 
a high potential for varietal diversity, also regions showing a low 
varietal diversity determined by high S scores for earlier grapevine 
varieties, for example Loire, Burgundy and Alsace (France), Baden 
(Germany), Trentino (Italy), have to be considered as potentially 
adaptive regions in a context of global warming. In contrast, most 
critical regions are those characterized by high S scores for only later 
grapevine varieties, for example Alentejo (Portugal), Extremadura 
and Catalonia (Spain), Po Valley, Apulia and Sicily (Italy), and in 
general most of the coastal regions of the Mediterranean. The 

overall pattern significantly overlaps with the actual growing areas 
for present-day conditions yielding confidence in our modelling 
approach. Sensitivity tests performed with different values of L 
have been presented in the Supplementary Information. The use of 
both less restrictive thresholds L, for example L = 0.50, and more 
restrictive thresholds, for example L  =  0.75, for the definition of 
suitable areas brings qualitatively similar results (Figure S4). A similar 
pattern has been also found when using the two alternative methods 
for the definition of SM as illustrated in Figure S5.

3.2  |  Change of the spatial distribution of 
suitable areas due to climate change

Under future warming conditions, results show an alteration of 
the geography of wine production (Figures 3 and 4), reflecting the 
anomaly pattern evidenced in Figure S6 for the suitability index S. 
The latter is, in turn, determined by the projected anomalies of the 

F I G U R E  2  Pattern of (a) the best suited grapevine variety 
and (b) the varietal diversity for the baseline period 1980–2009. 
The dark green contours in the upper panel identify the simulated 
suitable region for wine production over the baseline period, that 
is, the traditional region of wine production. Black contours mark 
the coastal outlines, including major estuaries. Light grey contours 
indicate the country's borders, included here for better geo-
referencing the suitability features. Map lines delineate study areas 
and do not necessarily depict accepted national boundaries.
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    |  9SGUBIN et al.

indicators SM (Figure S7), SP (Figure S8), and SZ (Figure S9), as de-
scribed in Supplementary Text 4. For both emission scenarios, the 
identified wine regions shift northward, while southern Europe is 
characterized by a gradual reduction of suitable areas, which is 
strongly dependent on the level of global warming. For RCP4.5, 
this loss appears mainly limited to flat regions south of about 40°N 
(upper panels of Figure 5). Most of the southern part of Spain ap-
pears to become unsuitable for wine production already in the 
period 2010–2039 (Figure  3a), while climatic conditions start to 
be gradually unsuitable in southern Portugal, Sicily, Apulia and 
Po Valley (Italy) in the subsequent periods analysed (Figure 3b,c). 
Over the rest of the traditional wine regions the climatic suitability 
is maintained, as well as the main zoning (Figure 3) and diversity 
features (Figure 4). At the end of the century, 90% of the of the 
suitable areas are located south of 52°N, although new wine re-
gions extend up to 56°N, thus interesting the southern part of the 
U.K., the northern part of Germany and a substantial part of Poland 
and Ukraine. For the RCP8.5 scenario (lower panels of Figure 3), 

both losses over traditional wine regions and new suitable areas 
are more extended, notably for the projections of the second part 
of the 21st century. For the period 2010–2039 (Figure  3d), the 
zoning pattern is still very similar to the one in RCP4.5 (Figure 3a), 
while suitable area loss becomes increasingly consistent starting 
from the period 2040–2069 (Figure 3e). At the end of the century, 
results show that more than 90% of the suitable areas are located 
between 44°N and 56°N, thus evidencing a mean northward shift 
of about 8° with respect to the baseline period. In this scenario, 
most of the traditional wine growing regions over Portugal, Spain, 
Italy and Greece identified in Figure 2 become climatically unsuit-
able for high quality production, while over the south of France 
and Hungary viticulture only remains sustainable with the adop-
tion of later-ripening varieties (Figure 3f). In contrast, the latitude 
band between 48°N and 52°N shows the best potential for wine 
diversification, notably in the Atlantic sector, where climatic con-
ditions become optimal for all the five different grapevine varie-
ties here analysed (Figure 4f).

F I G U R E  3  Mean pattern of the best suited grapevine variety for: (left panels, i.e. (a) and (d)) the period 2010–2039; (middle panels, i.e. 
(b) and (e)) the period 2040–2069; (right panels, i.e. (c) and (f)) the period 2070–2099. Upper panels, i.e. (a), (b) and (c), are relative to climate 
projections under RCP4.5 scenario, while lower panels, i.e. (d), (e) and (f), are relative to climate projections under RCP8.5 scenario. Dark 
green contours in the upper panel identify the simulated suitable region for wine production over the baseline period. Black contours mark the 
coastal outlines, including major estuaries. Light grey contours indicate the country's borders, included here for better geo-referencing the 
suitability features. Map lines delineate study areas and do not necessarily depict accepted national boundaries.
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10  |    SGUBIN et al.

3.3  |  Quantifying the area loss over the 
traditional regions

To quantify the extension of new emerging wine regions and to es-
timate the area loss over traditional wine regions, we calculate the 
evolution of the suitable areas outside and inside the contoured re-
gion in Figure  2a. The suitable surface in traditional regions is ap-
proximately the same for RCP4.5 and RCP8.5 scenarios until around 
2040, when the area loss is estimated to be 10% with respect to the 
recent-past configuration (Figure 5a). The extension of new emerg-
ing regions is also similar until around 2040 (Figure 5b), when they 
represent around 35% of the total suitable area over Europe. In gen-
eral, the expansion of new wine regions compensates for the area 
loss over traditional regions, thus making the overall suitable regions 
across Europe more extended when compared to the recent-past 
(Figure 5c). This trend is maintained also after 2040. At the end of 
the century, depending on the emission scenario, the total suitable 
regions for wine production are 33% to 45% greater than in the re-
cent past (Figure  5c). However, both scenarios show a significant 

difference regarding the way in which this enlargement of potential 
wine regions is reached after 2040. For RCP4.5 scenario, the area 
loss over traditional regions is less than 20% at the end of the century 
(Figure 5a), when the overall potentially suitable regions (Figure 5c) 
appear equally distributed between traditional (Figure 5a), and new 
wine regions (Figure 5b). On the contrary, for the RCP8.5, after 2040, 
both the rise of new potential wine regions and the loss in traditional 
regions are more pronounced, thus producing larger winegrowing 
region shifts with respect to those for RCP4.5. At the end of the cen-
tury, emerging suitable regions are three times more extended than 
traditional wine regions, thus overturning much more clearly the ge-
ography of wine production with respect to the recent past configu-
ration. The growing gap between the results with RCP4.5 and RCP8.5 
scenarios suggests a non-linear evolution of wine region extension 
under different levels of global warming.

In Figure 6, we focus on the relative loss of suitable area over 
the identified traditional wine regions in function of the simulated 
increase of global temperature. In particular, results for all the 24 
realizations have been displayed for RCP8.5 scenario, which covers, 

F I G U R E  4  Mean pattern of the grapevine varietal diversity for: (left panels, i.e. (a) and (d)) the period 2010–2039; (middle panels, i.e. (b) 
and (e)) the period 2040–2069; (right panels, i.e. (c) and (f)) the period 2070–2099. Upper panels, i.e. (a), (b) and (c), are relative to climate 
projections under RCP4.5 scenario, while lower panels, i.e. (d), (e) and (f), are relative to climate projections under RCP8.5 scenario. Black 
contours mark the coastal outlines, including major estuaries. Light grey contours indicate the country's borders, included here for better geo-
referencing the suitability features. Map lines delineate study areas and do not necessarily depict accepted national boundaries.
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    |  11SGUBIN et al.

depending on the GCM considered, a range of global warming with 
respect to pre-industrial conditions from roughly 0.5 to 4.5°C. The 
plot clearly evidences that the rate of relative area loss increases 
for increasing levels of global warming, independently of the model 
realization. For global temperature anomalies below 2°C, the mean 
relative area loss is estimated to be 3.9%/°C, while for higher val-
ues of global warming this loss trend is estimated to be 17.1%/°C. 
As far as the RCP8.5 scenario is concerned, this means, for exam-
ple, that the area loss due to an additional warming of 1°C in 2070 
(for which the level of global warming is already above the 2°C) is 
more than four times larger than the area loss due to a warming of 
1°C in 2020. Such a feature is not dependent on the methodology 
used, as the same behaviour has been found for both alternative 
values of the threshold L previously defined and for the alterna-
tive methods used for the definition of SM (Figure S10). This clearly 
highlights the strong nonlinearity of the response of traditional vi-
ticulture regions to global warming, with large changes projected to 
happen beyond the threshold of 2°C of global warming.

3.4  |  The source of uncertainty

Both Figures 5 and 6 evidence some uncertainties in the calculation 
of the absolute and relative area loss over traditional wine regions. 
The relative contribution to the total spread of these three compo-
nents has been sketched in Figure 7. The source of uncertainty in the 

estimation of the extension of suitable area over traditional wine re-
gions (Figure 5a) is notably associated with the different phenologi-
cal models adopted, whose spread explains, on average, 52.5 ± 5.6% 
and 52.9 ± 5.9% of the total uncertainty for RCP4.5 and RCP8.5 sce-
narios respectively (Figure 7a,b). The different GCMs are responsible 
of 32.5 ± 4.5% and 33.1 ± 5.3% of the total uncertainty for RCP4.5 
and RCP8.5 scenarios respectively, while the contribution of RCMs 
is more marginal, that is, 14.9 ± 3.9% for RCP4.5 and 14.0 ± 3.9% for 
RCP8.5. Nevertheless, phenological models appear generally more 
consistent in estimating the percentage of traditional area loss for 
levels of global warming below 2°C, explaining, on average, less than 
20% of the total uncertainty before about 2040 for both RCP45 and 
RCP8.5 (Figure 7c,d). Over this period, indeed, the total uncertainty 
is primarily due to the different GCMs' results, that is, 59.5 ± 8.7% for 
RCP4.5 and 58.5 ± 5.8% for RCP8.5 scenario, while the spread asso-
ciated with the different RCMs has a minor impact (Figure 7c,d). The 
spread between phenological models increases as the global tem-
perature increases, and, beyond a certain level of global warming, 
the uncertainty due to phenological inter-model spread becomes 
more important than the one associated with GCMs. Under RCP8.5 
scenario, at the end of the century 45.0% of the total variance is as-
sociated with the different phenological models, while the fraction 
attributable to the different GCMs amounts to 38.3%. It is worth no-
ticing that, despite these uncertainty features, the main behaviours 
evidenced in Figure 6 do not depend on the specific model consid-
ered. Indeed, the ratio between the rate of loss for levels of warming 

F I G U R E  5  Evolution of the absolute suitable area for wine production, that is, Vitis vinifera cluster, (a) within the traditional boundaries 
for wine production, that is, over the traditional wine regions identified over the baseline period; (b) outside the traditional boundaries for 
wine production; (c) over the whole of Europe.
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12  |    SGUBIN et al.

above 2°C and below 2°C is similar for all the 24 realizations, that is, 
this ratio is always greater than four.

3.5  |  The effectiveness of adaptation measures at 
different levels of global warming

Exploiting the varietal diversity at different levels of global warm-
ing found in Figure  5, may be a practicable long-term measure of 
adaptation to climate change (Duchêne et al., 2010; Morales-Castilla 
et al., 2020; Santos et al., 2021). Indeed, due to the different thermal 
requirements among the different grapevine varieties, it is possible 
to substantially reduce the detrimental effects of increasing temper-
atures over traditional wine regions by replacing one specific variety 
with a more climatically suitable one, that is, through the so-called 

varietal turnover. After having tested in Figure S11 the robustness of 
the assumption made for the total uncertainty partition (Equation 6), 
in Figure 8, we compare the relative loss of suitable area over tradi-
tional wine regions using two different scenarios: in the first one, no 
long-term adaptation measures have been allowed, while in the sec-
ond one, varietal shifts to more appropriate grapevine variety have 
been implemented. The respective percentages of area loss have 
been quantified by averaging the results for the five varietal clus-
ters over four different 20-year future periods, and for both emis-
sion scenarios. Varietal turnover appears more effective for limited 
values of global warming. Indeed, for each grapevine variety, the 
portion of suitable area loss that would be maintained through va-
rietal turnover decreases for increasing global temperatures. As an 
example, for middle range ripening varieties under RCP8.5 scenario, 
the percentage of suitable area loss in 2020–2039 is 4.7% if varietal 
shift is allowed and 18.8% otherwise, while it is respectively 54.2% 
against 78.4% in 2080–2099. This means that for a global warming of 
1.65 ± 0.12°C (that is, the mean value over the period 2020–2039), 
75% of the potential area loss with no adaptation allowed would 
be retained thanks to varietal turnover, while for global warming of 
3.85 ± 0.13°C (that is, the mean value over the period 2080–2099), 
variety turnover is an effective solution for only 31% of the poten-
tial area loss. This behaviour is amplified for earlier ripening clusters 
because of their larger potential for a varietal replacement, while it 
gradually eases for the later ripening clusters up to vanishing for the 
late ripening cluster, for which varietal shift is intrinsically precluded.

4  |  DISCUSSION

Our assessments are based on the definition of a new climatic suit-
able indicator, which allowed us to gather a set of key features char-
acterising the methodology of some previous studies on climatic 
suitability for wine production. Indeed, our approach was simultane-
ously based on: (i) a multi-model analysis, in order to maximize the 
robustness of the results and to evaluate the uncertainty associated 
with the models (similarly to Hannah et al.,  2013); (ii) dynamically 
downscaled climate projections, providing relatively high spatial 
resolution over Europe, that is, 12.5 km, in order to capture most 
of the local scale climatic features (similarly to Fraga et al.,  2013, 
where, however, the spatial resolution was 25 km); (iii) de-biased cli-
mate projections, in order to minimize the intrinsic errors associated 
with climate models (similarly to Cardell et al., 2019); (iv) bioclimatic 
indicators calculated over the simulated phenological phases and 
not over a fixed period of the year, in order to take into account the 
likely future contractions of the different grapevine growing phases 
(similarly to Morales-Castilla et al., 2020); (v) a subdivision of the V. 
vinifera varieties into five different variety clusters, in order to take 
into account the different thermal requirements of the grapevine 
families and the possibility of varietal turnover in the future (simi-
larly to Morales-Castilla et al., 2020). All these features were used 
together to analyse the impact of climate change on viticulture in 
Europe. It is important to note that our estimations of traditional 

F I G U R E  6  Scatterplot of the simulated relative area loss for 
Vitis vinifera cluster over the traditional wine regions (%) versus 
the projected global temperature anomaly (°C) with respect to 
the pre-industrial level. Circles, squares and triangles indicate the 
simulations performed with the CNRM-CM5, the EC-EARTH and 
the MPI-ESM-LR global models respectively. Empty and full symbols 
indicate dynamical downscaling with the CLMcom and SMHI 
regional models respectively. Violet symbols indicate the coupling 
with linear/non-sequential phenological model; orange symbols 
indicate the coupling with linear/sequential phenological model; 
cyan symbols indicate the coupling with non-linear/non-sequential 
phenological model; and green symbols indicate the coupling with 
non-linear/sequential phenological model. Solid black lines indicate 
the mean trends before and after the 2°C level of global warming. 
The latter has been evidenced through the dashed grey line.
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area loss did not significantly depend on the assumptions made in 
our experimental design. Indeed, both different formulations of the 
SM and different values of the threshold L for the definition of suit-
able area (see Section 2) yielded similar relative changes in the geog-
raphy of wine. Overall, this study provides an overview on the future 
threats and opportunities for viticulture all over Europe, and might 
therefore promote local analyses with a finer spatial resolution than 
12.5 km, allowing for capturing additional features like topographic 
slopes and the presence of water bodies.

One caveat of the present study can be related to the fact that 
the identification of suitable regions for wine production, for both 
the recent past and the future, was based only on climatic condi-
tions and varietal choices. Indeed, the actual suitability at a given 
location is also dependent on the specific soil features, on the level 
of urbanization and on the presence or absence of different crops. 
These factors were not considered in the present study, neither 
were market forces, which are critical in determining the selling price 
of the wines, and thus the economic sustainability of its produc-
tion. Moreover, the assumption that a balanced maturity occurs for 

grapevine sugar concentration of 200 g/L may have led to the exclu-
sion of some regions that are actually devoted to wine production. 
Indeed, optimal sugar concentration at harvest may be significantly 
different from 200 g/L when targeting specific wine types. For ex-
ample, the production of sparkling wines like Champagne (France) or 
Franciacorta (Italy) requires a high acidity and a lower sugar concen-
tration (around 170 g/L), while some dessert wines like Passito (Italy) 
or Sherry (Spain) require higher sugar concentrations (250–260 g/L). 
Nevertheless, the overall simulated boundaries of wine regions and 
the spatial distribution of their different varieties over Europe for 
the recent past (Figure  2) accurately reflects the observed geog-
raphy of the winegrowing regions across the continent (Johnson 
& Robinson, 2013). This general agreement can be considered as a 
validation of our methodology, thus confirming the reliability for our 
assessments at the continental scale, with very few exceptions.

Future approaches following this study should include the cou-
pling between climate models and plant/crop models allowing both 
for a more in depth analysis of the fruit composition and the berry size, 
as well as for a more sophisticated simulation of soil and plant water 

F I G U R E  7  The sources of uncertainty in (upper panels, i.e. (a) and (b)) the estimation of suitable area in the traditional regions and (lower 
panels, i.e. (c) and (d)) the relative loss over the traditional regions, for (left panels, i.e. (a) and (c)) RCP4.5 scenario and (right panels, i.e. (b) and 
(d) RCP8.5 scenario. The relative uncertainty of the three main components is expressed as the fraction of the approximated total variance 
�
∗
tot

 (Equation 6). Violet portions represent the relative uncertainty associated with Phenological Models; green portions represent the relative 
uncertainty associated with GCMs; and orange portions represent the relative uncertainty associated with RCMs.
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14  |    SGUBIN et al.

relations. Indeed, here, we assumed that the soil water reserve was 
fully recovered to a standard value every year at budburst. While gen-
erally valid, this assumption may be unrealistic in some regions with 
low winter rainfall, notably in the context of global warming. Moreover, 
our water balance modelling did not account for stomatal regulation 
of grapevine in response to water deficit (Lebon et al., 2003). A more 
accurate simulation of water availability by means of plant/crop mod-
els would therefore likely impact the calculation of the Sp index, thus 
possibly exacerbating or limiting the climatic suitability losses due to 
water stress shown here, notably for Southern Europe.

Another aspect that was not considered here was the impact of 
extreme meteorological events. Recent studies showed that heat 
waves may provoke a decrease in the yield by up to −35% in some 
regions (Fraga et al., 2020). Also, the occurrence of spring frosts may 
substantially damage the buds and reduce both yield and quality 
(Poling,  2008). Including these factors in our analysis would likely 
strengthen the non-linear relation we found here between the in-
crease of global temperature and the suitable area loss in traditional 
wine regions. The frequency of heat waves has been projected to 
increase in the future (Brown, 2020) as well as their intensity and 
length (Molina et al., 2020), thus possibly accelerating the suitability 
loss in traditional regions, and slowing the emergence of new wine 
regions. The same is true if spring frost events are also taken into ac-
count, since the risk of their occurrence has been shown to increase 
in some regions under warmer global conditions (Molitor et al., 2014; 
Mosedale et al., 2015; Sgubin et al., 2018).

The variation between the results from the different phenological 
models appeared to be the main source of uncertainty in our assess-
ments. This reveals the need for testing the reliability of the different 
phenological models in the context of global warming, which would 
allow the selection of the best performing models for narrowing the 

uncertainty in results of suitability projections. In this context, it is 
worth mentioning that the uncertainty associated with GCMs may 
be underestimated in this study. Being constrained by the availabil-
ity of simultaneously dynamically downscaled and de-biased climate 
projections, we used only three GCMs, whose spread in projecting 
future temperature represent just a fraction of the total uncertainty 
among the CMIP5 models. According to a CMIP5 model clustering in 
function of their projected temperature evolution (Sgubin et al., 2017), 
the three GCMs used here belong to the same cluster of models, thus 
not fully covering the wide range of possible temperature evolu-
tion over Europe. In particular, the chance of abrupt cooling events 
over the North Atlantic were not accounted for in the present study. 
These events, although less likely than a gradual increase of tempera-
ture throughout the 21st century (Sgubin et al., 2017; Swingedouw 
et al., 2021), have been shown to have possibly a strong impact on 
temperature over the continent and thus on the determination of suit-
able regions for wine production (Sgubin et al., 2019).

5  |  CONCLUSION

In this study, we analysed the possible alterations of the geography 
of wine production in Europe under different scenarios of global 
warming. We explored both the emergence of new wine regions and 
the area loss from traditional regions through the definition of new 
climatic suitability index accounting for the variations in grapevine 
phenology of five different varietal clusters. At the end of the 21st 
century, results showed a northward shift of suitable regions for 
wine production up to 3° of latitude for the RCP4.5 scenario, and up 
to 8° for the RCP8.5 scenario. These shifts produced a net expansion 
of the total suitable areas of 33% for RCP4.5 scenario, and 45% for 

F I G U R E  8  Simulated percentage of area loss over the traditional wine regions for the five grapevine clusters, for (lower histograms) 
RCP4.5 and (upper histograms) RCP8.5 scenario. Green bars are relative to estimates for which cultivar turnover (i.e. grapevine variety 
replacement with a more climatically suited one) is included. Purple bars are relative to the estimates of the additional area loss when 
cultivar turnover is not included. Different shades of green and purple bars indicate different periods over which these estimates have been 
performed. These estimates regard the early varieties (first block), the early-to-mid varieties (second block), the middle range varieties (third 
block) and the mid-to-late varieties (fourth block). The estimates for late varieties are not included here because the difference between a 
scenario with varietal turnover and a scenario without varietal turnover would be null.
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RCP8.5 scenario, but concurrently with an area loss of about 20% 
for RCP4.5 and about 55% for RCP8.5 from traditional wine regions. 
Therefore, the suitability loss over the traditional regions represents 
a major threat for the production of high-quality wine in Europe.

While a direct relation between long-term increases of tempera-
ture and detrimental effects for wine production over traditional 
regions was already reported in literature (e.g. Hannah et al., 2013; 
White et al., 2006), we showed that such a relation is not linear. In 
particular, we assessed that in the absence of long-term adaptation 
measures to global warming the loss of suitable areas over tradi-
tional wine regions is more than four times faster for levels of global 
warming exceeding 2°C than for global warming limited to 2°C. 
According to our assessment, this means that an augmentation of 
1°C today would provoke a reduction of about 4% in the extension 
of traditional regions, while a further augmentation of 1°C would 
imply an additional reduction of about 17%. Moreover, we showed 
that grapevine varietal turnover, which is one of the viable long-term 
adaptation measures for wine producers to limit the effects of cli-
mate change (Morales-Castilla et al.,  2020; Santos et al.,  2021), is 
decreasingly effective for increasing levels of global warming.

These findings suggest the existence of a tolerable limit of global 
warming for viticulture in Europe, which might be relevant in pol-
icy discussions and definition of the best strategies to cope with 
climate change (Hoegh-Guldberg et al.,  2018). In this regard, we 
quantitatively demonstrated the crucial importance of maintaining 
the level of global warming below 2°C above pre-industrial levels for 
the preservation of the traditional wine regions across Europe, thus 
highlighting an additional sector for which the detrimental effects of 
climate change are non-linear but tend to amplify beyond a certain 
limit. This reinforces the urgent needs invoked in the latest United 
Nations Climate Change Conferences to push for a more effective 
mitigation strategy at global scale.
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