Agricultural and Forest Meteorology 378 (2026) 110978

m . 0 0 M Agricultural
Contents lists available at ScienceDirect =i

Forest Meteorology

Agricultural and Forest Meteorology

journal homepage: www.elsevier.com/locate/agrformet

Future viability of European vineyards using bioclimatic climate analogues

Héloise Allaman *®*, Stéphane Goyette *“, Pierre-Henri Dubuis "”, Jérdme Kasparian *

2 Group of Applied Physics and Institute for Environmental Sciences, University of Geneva, Bd. Carl-Vogt 66, 1205 Geneva, Switzerland
b Agroscope Changins, Rte de Duillier 60, 1260 Nyon, Switzerland

ARTICLE INFO ABSTRACT
Keywords: Climate change is reshaping the geography of viticulture, threatening traditional wine regions while opening
Viticulture

opportunities for new ones. This study applies a climate analogues approach to assess how European vineyards
may evolve and/or shift under future climate scenarios. We tailor the method to viticulture by integrating
bioclimatic indices related to vine growth and disease risks, correcting for vineyard-scale topography, and
accounting for redundancy between the indices.

Our analysis supports both adaptation, by identifying present-day locations resembling future vineyard
climates, and prospective expansion, by revealing regions with emerging suitability. We find that temperature-
related indices related to plant growth drive north-south and elevation shifts, while pathogen-related
indices-linked to humidity and precipitation-cause notable east-west displacements. While northern Europe
may become thermally suitable for vine-growing by the end of the 21th century, its projected high humidity
could intensify disease pressure, potentially limiting its long-term sustainability.
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Climate change
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1. Introduction

Climate change has already and will continue to have far-reaching
impacts across various sectors, with agriculture being one of the most
affected. Among the agricultural sectors, viticulture stands out due
to its deep connection to regional economies and traditions, and the
repercussions of climate change on this sector are a matter of in-
creasing concern, since grape quality and yield are highly sensitive
to climate (van Leeuwen and Darriet, 2016). In some regions, the
temperatures are projected to grow beyond the grape productivity
range. Conversely, areas that were previously unsuitable for viticulture
may become more favourable as they warm, potentially altering the
global distribution of wine production (Jones et al., 2012). Alongside
temperature changes impacting the vine growth and grape production,
the spread of pathogens such as downy mildew, powdery mildew,
and flavescence dorée has become an increasing threat to vineyard
crops (Francesca et al., 2006; Caffarra et al., 2012; Robert et al., 2011).
As a result, the wine sector is expected to undergo significant trans-
formations in the coming decades. It is crucial to have tools to better
describe and anticipate these changes and enable to adapt effectively
to the projected climate conditions (Mozell and Thach, 2014).

The climate analogues approach, also known as the climate twins
approach, is an efficient way to address these needs. The methodology
consists of matching projected climates at a location of interest with
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those of other regions in the present (Ungar et al., 2011; Rohat et al.,
2017). Climate analogues have been applied in agricultural research
to identify crop varieties that are better suited to projected climate
conditions and to assess existing adaptation strategies (Webb et al.,
2013; Ramirez Villegas et al., 2011). This method operates on the
premise that the projected climate of the considered region will mirror
the current climate of another, enabling farmers to adopt best practices
from areas already experiencing similar conditions. It provides insights
into how shifting climates may influence the suitability of current
and potential vine-growing regions. Climate analogues facilitate the
identification of regions within Europe that will retain their suitability
for viticulture under future climatic conditions, as well as new areas
with future viticultural potential. Furthermore, it offers an intuitive
way to visualize potential climate change impacts, making it accessible
to both the scientific community and practitioners.

Viticulture is strongly influenced by climatic conditions, with tem-
perature playing a key role in vine growth and grape development.
Vines are particularly vulnerable to frost and extreme heat, which can
cause significant and sometimes irreversible damage (Poling, 2008;
Venios et al., 2020). Additionally, each grape variety requires a spe-
cific amount of accumulated heat to reach optimum ripening. This
heat accumulation can be quantified using the Huglin index, a widely
recognized bioclimatic index in viticulture that assesses the thermal
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conditions of a region throughout the growing season (Huglin, 1986;
Pina-Rey et al., 2020). In addition to climatic constraints, vineyards
are highly susceptible to various pests and diseases that can signif-
icantly impact both yield and grape quality. For instance, in 2023,
an unprecedented outbreak of downy mildew affected 90% of vine-
yards in Bordeaux, France, with damage ranging from minor losses
to complete harvest loss (Dupin and Raynal, 2024). Another growing
concern is powdery mildew, which has historically been confined to
Mediterranean regions but has increasingly been observed in Alsace,
Champagne, and Bourgogne in recent years, related to increasing pre-
cipitation at the beginning of the growing season (Zito et al., 2019).
These two main threats to vines are highly sensitive to climatic vari-
ables such as temperature, rainfall frequency, and leaf wetness dura-
tion, and are expected to become more prevalent and aggressive under
projected climate change scenarios (Francesca et al., 2006; Caffarra
et al., 2012). In particular, warmer and wetter springs can favour earlier
infection and increase the number of disease cycles per season, am-
plifying disease pressure and management costs. In addition to fungal
diseases, European vineyards are increasingly threatened by flaves-
cence dorée, a bacterial disease spread by the leafthopper Scaphoideus
titanus. First detected in Europe in the 1950s, this emerging pathogen
has gradually spread northward to new regions (Abouassaf, 2013). As
the development of the vector insect is closely tied to temperature
and can be modelled using the degree-day method (Sneiders et al.,
2019), rising temperatures are expected to accelerate its life cycle,
leading to more generations per season and, consequently, a higher
insect population, resulting in a higher risk of infection.

Vineyard microclimate is strongly influenced by the topography,
including elevation, slope, and aspect of the terrain. These factors affect
the distribution of direct sunlight and winds, which impact temperature
and humidity within the vineyard (De Rességuier et al., 2020). Topog-
raphy also plays a crucial role in soil properties by regulating water
movement and erosion patterns (Magdic et al., 2022). These variations
in temperature and moisture conditions directly influence vine growth
and disease incidence. As a result, topography is a key parameter in
viticulture, so that vineyards are often planted in hilly regions and on
south-facing slopes (in the northern hemisphere) to optimize sunlight
exposure, especially in northern vineyards. The spatial scale of topog-
raphy lies below 100 m, much finer than the typical 10 km grid size
of the most resolved available regional climate models. However such
fine scale is essential for accurately describe the climatic conditions
necessary for vine growth and to ensure a reliable assessments of
vineyard suitability.

Despite the valuable insights climate analogues can offer in helping
wine-growers assess and adapt to climate change, their application
to the study of vineyard shifts has remained relatively limited. Webb
et al. (2013) conducted a study applying the climate analogue approach
to viticultural regions, focusing on a limited number of global sites
and using only temperature and precipitation as variables. In contrast,
our study operates at both the scale of individual vineyards and the
regional level, encompassing all wine-growing regions of Europe. We
introduce a climate-matching approach tailored to the climatic and
topographic conditions of European vineyards. By incorporating several
bioclimatic indices rather than the raw physical parameter provided by
climatic models, we directly account for key factors influencing both
grape growth and the development of vineyard diseases. We consider
sub-grid topography by calculating local temperature corrections based
on slope, aspect, and elevation. We then extend our analysis beyond
the matching of individual vineyards, identifying climate analogues of
wine regions, revealing consistent mappings from region to region. We
consider both the adaptation of existing vineyards to their projected
future conditions and the potential emergence of new vine-growing
regions as a result of climate change. We show that the consideration
of pathogens drastically restricts the regions subject to such emergence.
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2. Methods

Vineyard analogues are computed for the periods 2006-2035 and
2066-2095, referred to by their central years 2020 and 2080. Sec-
tion 3.5 also includes intermediate horizons, with analogues evaluated
between 2006-2035 and 2026-2055 (labelled 2020 and 2040) and
between 2006-2035 and 2046-2075 (labelled 2020 and 2060).

2.1. Data sources

The locations of European vineyards are obtained from the CORINE
Land Cover database (CLC), which provides comprehensive land use in-
formation across Europe (European Environment Agency, 2018; Euro-
pean Union’s Copernicus Land Monitoring Service, 2025). The dataset,
dating from 2018, has a resolution of 25 hectares (500 m x 500 m)
for areal phenomena, such as vineyard plots. Vineyards are represented
as polygons. We identify each closed plot as an individual vineyard,
yielding a total of 21,076 vineyards. For each plot, the centroid is
extracted using the native:centroids function from the QGIS (Quantum
Geographic Information System) software (QGIS, 2024). This centroid
is then used as the vineyard’s representative location.

The topographic data are extracted from the European Digital Eleva-
tion Model (EU-DEM) provided by Eurostat, which has a resolution of
25 m (Copernicus Land Monitoring Service and European Commission,
2013). For each vineyard, elevation, slope, and aspect are determined
based on the DEM point closest to the vineyard’s centroid.

The climate data used in this study are extracted from the CORDEX
(Coordinated Regional Climate Downscaling Experiment) database (Ja-
cob et al., 2014). Six key variables are considered: near-surface air
temperature (average, maximum, and minimum), precipitation, near-
surface relative humidity, and surface downwelling shortwave radia-
tion, all provided at a daily resolution. The selected domain is EUR-11,
which covers the entire European continent with a spatial resolution
of 12 km. For this analysis, we use climate projections from the
Danish Meteorological Institute (DMI) using the HIRHAMS5 (Christensen
et al., 2007) regional climate model (RCM) under the RCP8.5 emissions
scenario. We focused on the RCP8.5 scenario because it provides the
largest climate forcing among available scenarios, thereby highlighting
potential long-term impacts on European vineyards and enabling a
robust analogue-based analysis. This model has proven to produce re-
liable climate simulation over Europe (Jacob et al., 2007). The dataset
spans the period 2006 to 2095. The historical period (2006-2024) is
also based on simulations from the HIRHAM5 RCM, to allow consistent
matching with the future projections. The climate data are obtained
at each vineyard location using a bilinear interpolation from the four
nearest grid points from the RCM dataset relative to the vineyard’s
centroid. The elevation difference between the vineyard provided by
EU-DEM and the interpolated elevation of the HIRHAM grid cell, as
well as the slope and aspect of the terrain are then considered to
adjust the temperature at the vineyards locations, as detailed in the
next subsection.

2.2. Local temperature correction for sub-grid topography

The interpolation of average, maximum and minimum near-surface
air temperatures at vineyard sites from the grid cell of the model output
omits the impact of topography. A correction is therefore applied to the
temperature for both elevation and slope.

The temperature variation with elevation is given by:

Tyine = To + I,(z = z9), 2.1

with I, = -0.0065 °C/m the environmental lapse rate, and z the
elevation of the vineyard (Peixoto and Oort, 1992). Ty and z, are the
interpolated values extracted from the four nearest neighbours of a
vineyard on the computing grid.
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The slope and aspect correction accounts for enhanced solar expo-
sure on south-facing slopes in the Northern Hemisphere, which receive
more direct sunlight and thus tend to be warmer. The correction is the
following (Bennie et al., 2008):

Tuope = Tiar + a(1 — a)(ROP® — R, 2.2)

with a = 0.013 a dimensionless coefficient considering a typical wind
speed u > 1 m/s, « = 0.2 the surface albedo of the vineyard (Pieri
and Gaudillere, 2015), Ty, the temperature on a flat surface receiving
a net shortwave radiation flux R12, and Tyope the temperature on a
slope at the same location receiving a radiation flux RSP, The net
shortwave radiation flux received by a flat surface Rgi‘,t depends on the
sun incidence, which is a function of the time and the day. We estimate
it from the daily flux provided by the RCM, by assuming that the cloud
cover is constant throughout the day. The radiation flux is therefore

given by a fraction of the clear-sky solar radiation Rﬁlsat(t):

R = F, 772y 20 cos Z () @3

Rt = Ri;s RIat(r), 2.4)
with F, = 1370 W m~2 the solar constant, »* the relative deviation from
the Earth-Sun distance with regard to its average value, y = 0.75 the
atmosphere transmissivity at mid-latitudes, Z(r) the solar zenith angle,
R the daily average solar radiation obtained from the climate model
given the cloud cover, and R the clear-sky solar radiation on a flat
surface averaged over 24 h. The solar radiation R:l,?pe received on a
slope is a function of the slope .S and the aspect Q of the surface, but
also the angle of the sunbeam with regard to the terrain (Oke, 1987).
Thus, it depends on the time ¢ of the day and is estimated by:
RGP = Rl
cos Z(1)
where Qg(#) is the solar azimuth. The solar azimuth and zenith an-
gles can be computed using spherical geometry (Oke, 1987). They
depend on the latitude, date, and time, leading to different correction
magnitudes for the average, maximum and minimum near-surface air
temperature, respectively. Indeed, the daily minimum temperature,
which is reached at nighttime, is expected to be marginally affected
by the slope, while the correction to the daily maximum temperature
will be maximal, since it is reached close to zenith. In order to calculate
this correction, we use the maximum solar radiation, reached at solar
noon, when Z is locally the lowest. The correction of the daily mean
temperature is then obtained by computing the hourly temperature
correction and averaging over 24 h.

In order to pair the projected climate of vineyards to RCM grid
points in the present, we also correct the temperature of the RCM grid
point for the most likely location of vines. Each cell is roughly 140 km?
and may cover a wide range of topographic conditions. As vines tends
to be located on south-facing slopes, we seek for climate analogues at
such location. For each grid cell, we therefore consider the location
that maximizes the correction of the daily maximum temperature.
Note however that this approach could also point to areas that may
become too hot for successful viticulture in others, therefore preventing
potential matches, especially in the southern part of the considered
region.

(cos Z(r)cos S + sin Z(#) sin S cos (25(F) — 2)), (2.5)

2.3. Bioclimatic indices

In order to describe the climate suitability for vine-growing, we rely
on six bioclimatic indices. Three of them consider climate conditions
relevant to the growth of vine and three other to pathogens develop-
ment. Optimal climatic conditions for vine growth must be maintained
throughout the growing season, from bud break to harvest. Thus, we
first estimate of the bud break day (BB), which depends on the quantity
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of heat received by the vine. It can be estimated using growing degree-
days, starting from January 1st (01 Jan) (Garcia de Cortazar-Atauri
et al., 2009):

BB

Y max(Ty—5°C, 0°C)>275 °C, (2.6)
01 Jan.
with T, the daily mean temperature. Different grape varieties may have
slightly different bud break thresholds, and selecting later-ripening
varieties can reduce the risk of spring frost damage. For consistency,
we applied a uniform definition across the domain. Furthermore, the
specific varieties that will be cultivated in future vineyards can only
be assumed, which prevents us to effectively take this information into
account. We checked that the choice of this threshold defining the bud
break does not impact the results.

Vine growth indices

Bare vine growth is characterized by the Huglin index (HI), which
is widely used in viticulture to assess the thermal conditions of a region
during the growing season (Pifia-Rey et al., 2020). It calculates the
cumulative heat during the growing season of the plant, from bud break
day to harvest (end of September, 30 Sep.) (Huglin, 1986):

30 Sep. T:+T
Ly= Y max [(d—‘“’“"d ~10 °c> ,0] - Kiage @2.7)
2
BB
where Ty, 4 is the maximum daily temperature, and the mean between

Ty and Tpax g is @ proxy of the daytime mean temperature. Ky, is a
coefficient accounting for the day duration at a given latitude, given
by:

K =2.55-107* - L, +0.278, (2.8)

with L, the total season day-length, i.e. the sum of daily daylight hours
from bud break day to the end of September. The coefficients have been
derived by Hall and Jones (2010), and fitted to match our definition of
the growing season. Suitable values of HI range from 1500 to 2500
degree-days depending on the grape variety. For example, a minimum
HI of 2200 is required for the Carignan variety, 1900 for the Merlot
variety and 1500 for the Miiller-Thurgau variety (Huglin, 1986).

The two other indices related to the impact of air temperature
on vine growth are the number of frost and of extreme heat days
respectively. Spring frost events are particularly damaging because
they occur after the onset of bud burst, a phenological stage during
which grapevine tissues are highly sensitive to freezing. Starting from
bud break, low temperatures can freeze the water inside the tender
tissues of the young buds, shoots, and leaves, causing cell rupture and
irreparable damage. Depending on the timing and severity of the frost,
damage can lead to partial or complete destruction of the primary
shoots, which bear the majority of the fruiting potential. In such cases,
the vine may activate secondary buds, which typically have lower
fertility, resulting in reduced yield and uneven grape ripening (Fennell,
2004). In extreme cases, frost damage can lead to total crop loss and
long-term structural weakening of the plant.

Injury is likely to occur when the daily minimum temperature Ty,
ranges from —2 to —4 °C, depending on the grape variety and the
duration of the frost episode (Poling, 2008; Fennell, 2004). In this work,
a day is considered as a frost day if Tp,i, 4 < —2 °C. The risk is evaluated
until the end of May, where frost is no longer expected:

31 May
Iose = 2, ¥(Tmina <=2 °C), (2.9)
BB

with y the indicator function, being 1 the condition in parenthesis is
fulfilled and O otherwise. We checked that this definition of the frost
index is strongly correlated with the probability of experiencing at least
one frost event per year, i.e. the proportion of years with at least one
frost event (R = 0.76), with an average of four frost days per frost year
on average. It is also strongly correlated with frost indices computed
using alternative thresholds of 0 °C (R? = 0.79) and —4 °C (R? = 0.85).
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Finally, while local microclimatic effects such as cold air pooling or
variety-specific phenology are not explicitly resolved in this large-scale
analysis, relative comparisons across decades are robust to the precise
threshold chosen, and using alternative definitions would not change
the overall results.

Extreme heat also poses significant risks to vineyards. When tem-
peratures rise above optimal levels, vines experience heat stress, which
can disrupt photosynthesis, slow down sugar accumulation, and impair
the development of flavours and aromas in the grapes. Excessive heat
can also cause dehydration and sunburn on grape skins, leading to poor
fruit quality and reduced yields. The optimal daytime temperature is
below 30 °C (Keller, 2020). The plant activates its heat acclimatation
mechanisms at 35 °C, with already detrimental effects on yields (Venios
et al., 2020). We therefore consider this threshold in the present work,
and use the number of days where 35 °C is reached as the heat index:

30 Sep.
hheat = Y, A(Tmaxa > 35 °C). (2.10)
BB

Pathogens indices

The three diseases and pathogens taken into account are the flaves-
cence dorée, the downy mildew and the powdery mildew. Flavescence
dorée is a grapevine disease caused by Candidatus Phytoplasma vitis
and transmitted by the Scaphoideus titanus vector (Rigamonti et al.,
2011). Recent studies have shown that rising temperatures associated
with climate change are facilitating the northward expansion of its
range, increasing the risk of flavescence dorée outbreaks in previously
unaffected wine-growing areas (Stillson et al., 2020). This leathopper
develops when temperatures exceed 8.7 °C. To monitor the associ-
ated risk of flavescence dorée, the degree-days above this temperature
threshold is computed. The index tracks the accumulation of heat units
over time and helps to determine the number of insect generations over
the season, providing insight into the timing and severity of the disease
risk in vineyards. The index is given by (Sneiders et al., 2019):

Ty +T,
Iyp = Y max [(% ~87 °c> ,0] .

year
Downy mildew is a fungal disease that affects grapevines, caused

by the pathogen Plasmopara viticola. The disease primarily targets the
leaves, stems, and grape clusters, causing typical lesions on leaves,
inflorescence and bunches, and reduced fruit yield and quality. Downy
mildew is most active during warm periods with high humidity as the
spores require free water to infect the vine. Thus, an infection can occur
if the leaves or clusters are wet, i.e. if the precipitations are sufficient,
or in presence of strong dew. This last condition is not directly provided
as a climate model output. We therefore estimate it by reconstructing
the hourly temperature 7'(h) from the daily minimum and maximum
temperature (Wann et al., 1985). This allows to compute the time-
dependent dew-point Ty, (r) using the Magnus formula (Zito et al.,
2020). The risk of infection for each day of the growing season is then
given by:

(2.11)

0 Ty < 12 °C,
Risk, =11 T4 > 12 °C and pr > 1 mm/d,
5= 3 2(T(h) = Tye, (h) <5 °C)  otherwise,

(2.12)

with pr the daily precipitations. The sum is performed over each hour
h of the day. An hour is considered at risk if the leaves are wet, i.e. if
the temperature is within 5 °C of the dew point. Finally, the downy
mildew index is the number of days during the growing season that
are favourable for infection. It is obtained by summing over all the days
that are at risk during the growing season:

30 Sep.

Z Risk,.

BBCH13

Ipy = (2.13)
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The BBCH13 stage is the three leaves stage, and correspond to the start
of the risk period for the powdery mildew infection. It is estimated to
happen 5 days after BB (Garcia de Cortazar-Atauri et al., 2009).
Powdery mildew is another common fungal disease in vineyards,
caused by Erysiphe necator, that affects leaves, shoots, and grape clus-
ters. It thrives in warm and humid but non-condensing conditions.
Indeed, it is inhibited by liquid water on leaf surfaces, whether from
rain or dew (Olivier Viret, 2025). In these cases, the spores are washed
off, limiting their spread and disrupting the disease’s development. It
develops best when the temperature is between 8 and 32 °C, with an
optimum around 24 °C (Fessler and Kassemeyer, 1995). Furthermore,
the risk of infection increases linearly with moisture, until it reaches
a plateau around 85% RH (Carroll and Wilcox, 2003). The powdery
mildew index can therefore be expressed as (Walter Kast, 2009):

30 Sep.

Ipv =Y, (fremp " fium — Swet) * fons

BBCH13

(2.14)

with all functions normalized to 1. Similarly to the downy mildew
index, the powdery mildew index indicates the number of days during
the growing season that are conducive to a powdery mildew infection.
fremp and fpym are functions describing the optimal temperature and
humidity conditions required for the disease to develop, as discussed
above (Carroll and Wilcox, 2003; Walter Kast, 2009):

Jremp = 1.63 - (0.1 Ty = 0.0025 T3 - 0.6), (2.15)

_ (RHy4
fhum=mln<g,l>, (216)
with RHy the daily mean relative humidity. f,,, describes the ontoge-
netic resistance of grapes, which is high around blossom period and
decreases afterwards. It is given by (Walter Kast, 2009):

fop = min (ﬁ (0.0002D° +176.6v/D ~ 114910 D - 14D - 66) ,0.2),
2.17)

where D represents the number of days since BBCH13. The function
fwet describes leaves wetness, and is subtracted since it reduces the risk
of infection. It is a composite function depending on precipitation, as
well as dew, fyer = fpr * faew (Walter Kast, 2009), with:

3
" 14 exp(=0.5(pr — 6.25))

for (2.18)

Sdew = ﬁ Zh‘, X(T(h) = Tyey(h) <5 °C). (2.19)

The six bioclimatic indices are computed for the whole period from
2006 to 2095. They are then averaged over each 30-year period of
interest. Each 30-year period is labelled by its central year; for instance,
2040 corresponds to the period 2026-2055.

2.4. Indices aggregation

In order to define the similarity between the climate at two locations
and/or times, we use the standardized Euclidean distance (SED), a
common method used in the filed of climate analogues (Rohat et al.,
2017; Bulut et al., 2025). The SED between a vineyard j in the future
and a grid point i in the present is computed as:

N 2
ik — fix)

2 _ i J
SED,.]. = E 2 s
k=1 I

(2.20)

where p; is the value of index k at the grid point i in the current
climate, f; is the value of index k at the vineyard location in the future
climate, and s; is the spatial standard deviation of the index among the
vineyards. The sum is performed over all N indices considered.

To address the partial redundancy between our indices, which all
depend on daily mean, maximum and minimum temperature, relative
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humidity and precipitations, we apply a Principal Component Analysis
(PCA) (Vidal et al., 2012). It transforms the original indices into a new
set of uncorrelated variables called principal components, providing an
efficient representation of the dominant modes. After transforming the
data into this new coordinate system, we recalculate the Euclidean dis-
tance between points, applying weights corresponding to the fraction
of the variance explained by each principal component. The principal
components derived from the six indices are presented in Table A.1.
Before interpreting the location of the analogues, it is essential to
ensure that each analogue truly shares similar climatic conditions with
the vineyard of interest. While the method identifies the best match
within the study domain for each vineyard, this does not necessarily
guarantee a high-quality match. We define a similarity index:

1

T l+a?
where d represents the PCA-adjusted SED between a vineyard and
its analogue. This index ranges from O to 1, with 1 indicating a
perfect match between climates. The decay of similarity index with
the analogue rank is very progressive and S7 values remain acceptably
high for several analogues, with no obvious cut-off (ST > 0.9 for 92%
of the 20 best analogues of all the European vineyards). Since the
closest analogues of a vineyard may be widely dispersed, selecting only
the single best analogue would limit the robustness of our analysis.
Considering instead the 5 or 20 best analogues yields similar region-
level matches. As the cut-off is not critical, we adopt five analogues
per vineyard as a trade-off between robustness and clarity.

(2.21)

2.5. Region matching

We have grouped European vineyards into 57 regions defined by
rectangles in the latitude-longitude plane, based on climate homogene-
ity, analogue behaviour homogeneity (i.e. most vineyards from one
region having their analogues in a single or very limited number of
regions) as well as geographical indications (Fig. 1). The coordinates
of the regions are found in Table B.1.

Now we want to find a systematic way of defining analogues at the
regional scale. This mapping should be consistent with the analogue at
the vineyard scale, i.e. a region B containing most analogues of region
A should be considered the analogue of region A.

For each future region A of interest, each present region B is
assigned a similarity score S, p given by:

LW:}
VAp

where n, p is the number of analogues of the future region A present in
the analogue region B and A its area. Regions with the highest scores
are then considered the best matches for the region A of interest.

s (2.22)

SA,B =

3. Results
3.1. Bioclimatic indices

The six bioclimatic indices considered in this work have been com-
puted for each European vineyard for the whole period between 2006
and 2095. This section aims to analyse the values of these indices, as
well as their evolution over time. Fig. 2 shows the values of the indices
of European vineyards in 2020, as well as their evolution between 2020
and 2080.

Figs. 2a and 2b shows the Huglin index of European vineyards. In
2020, values range from 400 to 3500, but the plot has been caped to
[1000, 2600], which accounts 95% of vineyards. About 7% of vineyards
have a Huglin index below 1500 degree-days, and 4% exceed 2400,
placing them outside the typical range for vine viability. This discrep-
ancy may stem from our definition of the Huglin index (Eq. (2.7)),
which is calculated from bud break, whereas it is conventionally com-
puted from a fixed date in the literature (Huglin, 1986; Pifia-Rey et al.,
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2020). It may also result from local temperature corrections, which —
despite being included — might be insufficient in some cases, or from
the interpolation of temperature from the four nearest grid points of
the RCM, which can be inaccurate in areas with complex topography.

The values of the Huglin index are greater for the future period
in the entire domain, with an increase over the century ranging from
approximately 400 in the northernmost vineyards, up to 800 in the
Iberian Peninsula. As the optimal Huglin index for vine growth lies
between 1500 and 2400 degree-days depending on the grape va-
riety (Huglin, 1986), several regions, particularly Spain, Italy and
Turkey, may be unable to sustain viticulture by the end of the century.

The flavescence dorée index and its evolution are displayed in Figs.
2c and 2d. The present values (panel (c¢)) range between 500 and 4500,
with 98% of vineyards lying between 1400 and 4000. The Scaphoideus
titanus requires about 1035 degree-days to grow from the egg to the
first egg-laying, meaning a new generation emerges every 1035 degree-
days (Rigamonti et al., 2011). Hence, a secondary colorbar displays
the number of generations expected per year. This index follows the
same trend as the Huglin index, both in 2020 and for the evolution
between 2020 and 2080. Indeed, as both indices are calculated using a
degree-day method, they are strongly correlated (R*> = 0.87), differing
only in the base temperature and the period of the year considered.
The results indicate an increase in the risk of flavescence dorée for all
European vineyards in the future. The index increases by more than
520 degree-days (half a generation) for over 99% of vineyards and
by more than 1035 degree-days (one full generation) for 12% of vine-
yards. Because the insect population increases exponentially with each
new generation, the occurrence of bivoltinism could lead to a major
increase in infection risk, although a direct relationship has not been
proven (Chuche and Thiéry, 2014). Moreover, the distribution range of
the vector cicada is shifting northwards, progressively colonizing new
areas. As a result, vine-growing regions that were previously unaffected
may become increasingly exposed to the risk of flavescence dorée.

Figs. 2e and 2f display the number of frost days in 2020, and
the change in this number between 2020 and 2080, accounting for
temperature corrections. The regions that exhibit the most risk for frost
are the alpine regions, Bulgaria, and Italy. The number of frost days
ranges from O to 5 days per year, the maximum being reached in
Wallis, in Switzerland. Fig. 2f has been caped to +2 days per year, but
has values ranging from —5 to 2 days per year. In most regions, no
significant change is observed as the number of frost days remains zero
in both periods. However, some areas, including Wallis, central Italy
and Bulgaria, show a reduction in frost risk in the future. Conversely,
regions such as Bordeaux and central Turkey are projected to face an
increased risk of frost. This paradoxical higher risk of frost in a warming
climate is due to earlier bud break, which is projected to occur before
the likelihood of frost has subsided.

The extreme heat index is shown in Figs. 2g and 2h. For the present
period, values can reach up to 60 days per year, with 98% of values
lower than 15 days. The regions of our study area that are affected
the most by extreme heat are southern Spain and southeastern Turkey.
Furthermore, the number of extreme heat days is projected to increase
across the entire domain, with the most pronounced impacts in regions
where the risk is already high, i.e. in the Iberian Peninsula and southern
Turkey. In these regions, the number of extreme heat days could rise
to as many as 80 per year, compared with around 20 per year in the
current period. Italy, Greece and Bulgaria will also see a significant
increase in the number of extreme heat days, with an increase of
between 10 and 30 days per year.

The downy mildew index at vineyard locations is shown in Figs. 2i
and 2j. The index reaches values up to 160 risk days per year, corre-
sponding to conditions favourable to the pathogen over almost the full
growing season. The regions most affected by this pathogen are mainly
coastal areas, where humidity is higher, as well as northern regions.
In contrast, Spain and Turkey experience the lowest impact, since the
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Fig. 1. Wine regions of Europe. Coloured dots correspond to individual vineyards.

climate is too dry for the pathogen to develop. Fig. 2j shows the change
in downy mildew infection risk between 2020 and 2080. Values range
between —50 and 40. At the end of the century, Spain, central Italy,
and Eastern Europe are projected to experience a decrease in downy
mildew risk due to a drier climate with reduced precipitation (Jacob
et al., 2014). As a result, the number of days that satisfy the condition
pr > 1 mm/d from Eq. (2.12) will decline, and relative humidity will
also decrease, leading to a lower downy mildew index. Conversely,
Germany, central France, Switzerland, and Turkey are expected to see
an increase in downy mildew risk. Rising temperatures will lead to
more days with Ty > 12 °C, while humidity levels will remain sufficient
for the pathogen to develop, thereby increasing the disease pressure in
these regions.

The powdery mildew index in 2020 is presented in Figs. 2k and
2]. Values range from 5 to 50 risk days per year. Similar to the
downy mildew index, the risk is higher for coastal regions, especially
in Portugal and southern Italy. Mountainous regions such as the Alps
and the plateau of Turkey are less impacted by the pathogen. In the
projected climate (Fig. 21), the risk of powdery mildew is expected to
rise across most regions, except in central Spain and southern Turkey,
where temperatures will become too high for the pathogen. Evolutions
across the century are comprised between —2 and 15 risk days.

Regions such as Germany, Switzerland, Bourgogne, and Champagne
are anticipated to experience approximately a 15% increase in the num-
ber of days favourable to both downy and powdery mildew infections.
In these areas, rising temperatures will create more favourable condi-
tions for powdery mildew, which thrives at an optimal temperature of
24 °C, as described in Eq. (2.15). Additionally, the general decrease
in precipitation across most regions during the growing season (Jacob
et al.,, 2014) will further support the spread of powdery mildew, as
the pathogen is inhibited by liquid water. This contrasts with downy
mildew which is favoured by wetter conditions and higher precipitation
levels.

3.2. Climate analogues of European vineyards

In the present section, we are interested in the locations of the
climate analogues of European vineyards. We first focus on analogues
between 2020 and 2080.

95% of the five best analogues of European vineyards are reliable,
with similarity index above 0.9. 4% out of the remaining 5% are in
the regions of Bordeaux, South-West of France, and Northern Anatolia,
in Turkey. Indeed, as seen in Fig. 2f, these regions are projected to
experience an increase in the number of frost days, due to earlier bud
break days. Thus, no region within the study domain simultaneously
satisfies both similar increased frost risk and comparable temperature
and humidity conditions.

Fig. 3 displays the locations of the five best analogues for all
European vineyards, based on their projected future conditions. The
majority of these analogues are found in the Mediterranean region,
with particularly high densities in southern Spain, southern France,
central and southern Italy, the Balkans, western Turkey, and the eastern
Mediterranean. A significant number are also located in North Africa.
In contrast, northern and central Europe host very few analogues.

Examples of analogues of individual vineyards are presented in Fig.
4, showcasing different patterns of analogue distribution. For some
vineyards, such as Oberderdingen (Germany) and Villamanrique de
la Condesa (Spain), the first five analogues are clustered within a
restricted area, forming a consistent pattern. In other cases, such as
Tallya (Hungary) and Alektora (Cyprus), the first five analogues are still
concentrated in one or two specific regions, or there is only one outliers.
Finally, some vineyards, such as Noicattaro (Italy), exhibit no clear
spatial pattern, with their analogues scattered over a wide geographical
area.



H. Allaman et al.

FD index [degree-days|

e O f
A / . £

.op@m_A_
5 B B
Number of heat days per year

o

= %
g

=

Number of risk days per year

@
g

8

.o
Number of risk days per year

2
8

Agricultural and Forest Meteorology 378 (2026) 110978

8
Evolution of Huglin index [degree-days]

1200

Evolution of FD index [degree-days]
s
Number of generations per year

0.20

0.15

0.10

0.05

0.00

—0.05

—0.10

—0.15

Evolution of frost index [days per year]

=0.20

)
Evolution of downy mildew index

—15

[ EaE— ] [ ] E 2002 [
8 ] g
Evolution of heat index [days per year]

Evolution of powdery mildew index

=2

Fig. 2. Bioclimatic indices of European vineyards. Left column: values in 2020; right column: change from 2020 to 2080. (a, b) Huglin index; (¢, d) Flavescence
dorée (FD) index; (e, f) frost; (g, h) extreme heat; (i, j) downy mildew; (k, 1) powdery mildew.

3.3. Region matching

In addition to the consistency observed between the analogues of a
single vineyard, a consistent pattern emerges among multiple vineyards
within the same region. This behaviour is illustrated in Fig. 5 for
two regions: Champagne (France), and Ribera del Guadiana (Spain).

While all analogues are displayed on the plot, only 2% of arrows
have been plotted in order to maintain legibility. The similarity index
lies above 0.995 for all analogues in the selected regions. Moreover,
with very few outliers (less than 5% of vineyards in these two cases),
most individual analogues of a given region are concentrated within
two or three regions: Champagne analogues are primarily found in
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Fig. 4. Five best analogues of selected vineyards. Vi: Villamanrique de la Condesa (Spain); Ob: Oberderdingen (Germany); No: Noicattaro (Italy); Ta: Tallya
(Hungary); Al: Alektora (Cyprus). The analogues are computed between 2020 and 2080.
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Fig. 5. The five best analogues from all vineyards in the Champagne region of France and the Ribera del Guardiana region of Spain. Analogues are computed
between 2020 and 2080.

Bordeaux, South-west of France, and Galicia (Spain), while Ribera del our definition of the regions (Fig. 1), as they ensure homogeneity in
Guadiana analogues are found in Morocco and Syria. This homogeneity analogue behaviour.
is also observed in the other regions, confirming the relevance of
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Fig. 6. Regions matches between the projected climate of vine-growing regions (left) and their analogue regions in the present (top) considering the five best
analogues for each vineyard. The area of the dot is proportional to the score of the analogue region.

Fig. 6 shows the match between the projected climate of each region
(left) and their analogue region in the present (top). The area of each
dot is proportional to the similarity score of each region, as defined in
Eq. (2.22). Matches were determined by applying Eq. (2.20) to the five
best analogues for each vineyard, and an analogue region is included in
the figure if its similarity score is at least 50% of the similarity score of
the best matching region. Out of the 57 regions, only 30 are represented
in the analogue regions. Additionally, six non-European regions are
found among the analogue regions, all located in Northern Africa and
the Middle East.

The maps of Fig. 7 display the best matches for each region. For each
region, only the best match is shown, except for regions where the next
match reaches at least 80% of the score of the first analogue region. Out

of the 57 European wine-growing regions, 31 have their best analogue
region located to their east, while 22 have their analogue to their west.
Notably, four regions — Wallis, and three regions in Turkey — serve
as their own analogue. These are mountainous areas, characterized
by a high degree of topographical variability. In these cases, moving
to higher elevation decreases the temperature, while maintaining a
climate as similar as possible to the original one. Furthermore, 55 out of
the 57 regions have their analogue located to their south, corresponding
to warmer climates; the two exceptions are Northern Anatolia and the
Peloponnese, where the vineyards are situated in mountainous terrain.
In this case, a northern analogue does not necessarily indicate a cooler
climate for these regions, but rather to a simultaneous decrease in
elevation.
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Fig. 7. Maps showing the best analogues for each region, between Europe in 2020 and existing vineyards in 2080. The regions have been distributed between
the two panels according to the main direction of their migration flow, in order to maximize readability.

3.4. Contribution of each index to the pairing

To assess the robustness of the above results, we investigate how
the selection of the analogues depend on the choice of the considered
indices. For this purpose, analogues are computed while discarding
certain indices, and compared to the analogues obtained using all
six indices as in the previous sections. That way, we can assess the
contribution of each index, i.e. in which direction and with what
magnitude it is “pulling” the result. For this section, only the best
analogue of each region is considered.

Table 1 summarizes the primary influence of all bioclimatic indices
on the analogue selection process. The column “Induced analogue
offset” reports the number of regions retaining the same analogue
region, shifting to a region less than 500 km away, or being matched
with a region more than 500 km away when the given index is included
as compared to when it is not. Overall, the inclusion of either the
Huglin index or the flavescence dorée index appears to result in a
slight southward displacement of the analogues. These two indices
are highly correlated (R> = 0.87), consistent with their relatively
similar definition, both relying exclusively on temperature aggregated
as growing degree-days.

For most regions, the frost and extreme heat indices have little
impact on the selection of analogues. Indeed, only 15 regions have at
least 10 vineyards with a frost day index greater than zero. For all other
regions, the frost index has a much smaller influence on the selection
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Table 1

Contribution of bioclimatic indices to the choice of analogues: direction
and distance of the analogue shift induced by considering each index, or
combination of indices.

Index Contribution Induced analogue offset
to analogues None <500 km > 500 km

Huglin index Southward 44 5 8
Flavescence dorée Southward 36 5 16

Frost days Marginal 50 0 7
Extreme heat days Marginal 44 3 10
Downy mildew Westward 22 5 30
Powdery mildew Westward 31 9 17
Huglin index and Flavescence dorée  Southward 34 4 19
Downy mildew and powdery mildew Westward 10 6 41

of the analogue. Conversely, the regions affected by the inclusion of the
frost index are those with a projected increased number of frost days
in 2080, such as Bordeaux, South-West of France, and three regions in
Turkey (see Fig. 2f). Indeed, while the number of frost days in 2020 is
zero for those regions, it is projected to increase up to 0.2 days per
year in 2080. While this value may seem small, it still represents a
typical recurrence time of 5 years, assuming frost days are independent.
It can therefore have a strong impact on the annual harvest. The frost
index therefore plays an important role in determining the analogues
of these specific regions. The regions that have a different analogue
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when including the extreme heat index are regions already impacted
by heat episodes, having typically between 5 and up to 50 extreme
heat days per year. They are all located in southern Europe, including
four in Spain, as well as Provence, Apulia, Corsica, and Dalmatia. Given
that these regions are more prone to extreme heat than those further
north, the heat index has a more pronounced influence on analogue
determination in southern Europe.

When downy mildew index is included, 22 regions have their best
analogue located further west than the analogue obtained without it.
Two third of these are regions located in the northern part of Europe,
i.e. regions that are projected to experience a higher risk of downy
mildew in the future, as seen in Fig. 2j. One third of the regions
have analogues pulled westward by the downy mildew index despite
a decrease in downy mildew risk in the future. This occurs when
the analogue obtained without the downy mildew index is located
in mountainous areas in the easternmost part of the domain—namely
Turkey, Bulgaria, and Romania.

When the powdery mildew index is included, 11 regions find their
analogue shifted westward compared to the analogue computed with-
out it, although the effect is less pronounced than that of the downy
mildew index. When both the downy and powdery mildew indices are
considered, only 10 regions out of 57 retain the same analogue as with-
out these two indices, highlighting their important role in determining
the best analogue region. In addition to the increased risk of downy
mildew in the northern part of Europe, most vineyards are projected
to experience a higher powdery mildew pressure in the future, as
depicted in Fig. 21. For these regions, these two indices, influenced by
precipitation and humidity, tend to pull analogues closer to the coast,
where humidity and precipitation are generally higher and more evenly
distributed in time, leading to greater pathogen pressure. Specifically,
these indices play a key role in shaping the east-west displacement of
analogues. However, omitting them means relying only on temperature,
which reduces the constraints on analogue identification. This leads
to greater dispersion of analogues among vineyards within the same
region, making it harder to delineate a clear and consistent analogue
region.

Hence, all indices influence the selection of analogues in different
ways, making it essential to consider all of them. Focusing solely
on temperature-based indices such as the Huglin index can obscure
important east-west shifts driven by pathogen-related risks. Moreover,
elevation plays a key role in the identification of climate analogues:
while a shift in latitude may achieve the necessary temperature condi-
tions, a shift in elevation can help to also meet specific humidity and
precipitation requirements.

3.5. Intermediate time steps

The century-scale perspective exceeds the typical lifespan of a
grapevine. As such, we now consider intermediate stages that align
with the actionable lifespan of a vineyard, typically a few decades. This
corresponds to the scale at which decisions regarding the relocation
of vineyards or the replacement of grape varieties can realistically
be implemented. We therefore look at the evolution of the analogues
of every region over three time periods: 2020-2040, 2020-2060, and
2020-2080.

Fig. 8 illustrates examples of the typical temporal evolution of
analogues for several European vine-growing regions. These regions
displayed on the map were selected to represent the variety of typical
trajectory patterns while excluding those that are their own analogue in
at least two of the three time periods considered. The regions have been
distributed between the two panels to avoid crossing arrows, and thus
to improve readability. The dotted lines represent the shift in analogues
between 2020 and 2040, the dashed lines between 2040 and 2060, and
the solid lines between 2060 and 2080. The absence of a specific time
step indicates that the analogue remains unchanged from the previous
period.

11

Agricultural and Forest Meteorology 378 (2026) 110978

37 out of the 57 regions exhibit no shift in the first period, and 10
move to neighbouring regions. As the time period progresses, however,
the analogue regions become more distant. A typical trajectory for an
analogue region is to remain stationary or experience minor displace-
ments with no clear north-south pattern in the early periods, followed
by larger jumps, often with a southward trend, as the considered period
extends further into the future. Among the 57 regions, 24 experience
only a single shift across the three time periods considered, 12 exhibit
pronounced shifts first eastward and then westward (or vice versa), and
21 follow a smoother trajectory composed of two or three gradual shifts
in similar directions.

Fig. 9 shows the evolution of the mean distance between individual
vineyards and their five best analogues computed between 2020 and
each future period of interest, and of the percentage of regions that are
their own analogues. The distance increases monotonically as the time
period considered increases, while the number of regions mapped to
themselves decreases. More specifically, in 2040, 70% of the regions
are still their own analogues. However, the percentage of regions
that remain their own analogue decreases over time, reaching 7% in
2080. Furthermore, the distance between vineyards and their analogues
increases by approximately 700 km over 50 years, corresponding to
a climate velocity of about 15 km/year. This estimate aligns with
previously reported values of climate change velocities (Loarie et al.,
2009; Gaponenko et al., 2022).

3.6. Prospective wine regions

We now consider the symmetric perspective as in the previous
sections: we focus on vineyards’ climate in the present period (2020)
and identify their analogue regions in a future time period of interest
(here 2080). To identify potential future wine-growing regions, we
extend our analysis beyond current wine regions by defining additional
regions distributed across Europe. As with existing wine regions, these
are represented as rectangles in the latitude-longitude plane. The coor-
dinates of these prospective regions are provided in Appendix B. This
approach provides insights into regions that may become suitable for
viticulture in the future, and how these potential new vine-growing re-
gions would look in relation to currently known regions and associated
vine varieties and techniques.

Fig. 10 provides a map of the best prospective analogue of each
region. Out of the 57 regions, 43 have their best prospective analogue
region located westward of the original vineyard, and 47 northward.
Five regions have an analogue at a comparable latitude, and five
others to the south. These 10 regions have an analogue region is
a mountainous region, such as Turkey and the Alps, allowing the
vineyards to be matched to a higher elevation. In total, 24 regions
find their best analogue region in a mountainous area. Indeed, of the
57 prospective analogues, 11 are located in the Carpathians, 11 in
different regions of Turkey with distinctive topography and two in
Alpine regions. This suggests that optimal vineyard locations are not
only moving northwards, but also to higher elevations.

This trend is symmetric to the behaviour observed in Section 3.3,
where two future regions had their present analogues located north-
ward, while four mountainous regions remained their own analogues.
However, the average elevation difference between current vineyards
projected in the future and their present analogues was (+58 +327) m,
i.e. no strong trend in elevation shift overall, compared to (+642 +475)
m for prospective analogues of current wine regions. Hence, the shift in
elevation is more pronounced in the case of prospective analogues, as
it affects a higher number of regions with greater elevation difference.
As a result, the mean distance between prospective analogues and
current vineyards is smaller than the distance from current analogues to
prospective climate of current vineyards, but the elevation difference is
greater. Indeed, the average difference in latitude between prospective
analogues and current vineyard is +2.1° + 3.0°, while the average
difference in longitude is +5.2° + 11.8°. This corresponds to an overall
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shift of about 500 + 800 km, about half of the distance obtained in
Section 3.5 for the same time period (Fig. 9).

The tendency of prospective analogues to shift towards higher
elevations rather than northwards is mainly driven by the humidity
and precipitation-related indices: downy and powdery mildew. Without
these indices, the mean altitude difference between current vineyards
and their projected analogues reduces to (+242 + 607) m. Fig. 11 dis-
plays the locations of the five best prospective analogues of individual
European vineyards, both with and without considering the downy
and powdery mildew indices. When only the four temperature-related
indices are used, analogues are found across 17,179 distinct grid points,
broadly distributed throughout northern Europe. In contrast, when all
indices are considered, the number of distinct analogue locations drops
to 11,064, with a concentration in mountainous areas such as Turkey,
the Carpathians, and the Alps, as well as some locations in Eastern
Europe. Furthermore, 27% of analogues are located above latitude 50 °
when considering only temperature-based indices, while this fraction
reduces to 14% with all indices. The best prospective matching regions
when downy and powdery mildew are omitted in comparison with
the case considering all indices are found in Fig. C.1. In this case,
56 out of the 57 regions have a prospective analogue located to the
north and 26 to the east of the original wine region. Thus, while
temperature-related indices drive the analogues northwards, moisture-
related indices mitigates this tendency, thus forcing them to migrate
upwards in elevation.

The absence of European vineyard analogues in northern Europe
when downy and powdery mildew indices are considered is due to
the high values of the projected pathogen indices in these regions in
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2080, as shown in Fig. 12. The downy mildew index has typical values
between 100 and 120 risk days in regions such as England, northern
France, and northern Germany, with extreme locations reaching up to
160 risk days. In 2020, it typically ranged from 10 to 100 days, with
some extremes reaching 110 days along the Atlantic coast (Fig. 2i). This
suggests that prospective vineyards planted in northern Europe would
face an extremely high downy mildew risk in the future, at the level
of the most exposed regions to date (eg. Bordeaux and South-West of
France). In contrast, mountainous regions are less prone to high downy
mildew risks. Similarly, the powdery mildew index is highly sensitive
to topography, with significantly lower values in mountainous areas
than in regions of lower elevation. For European vineyards in 2020, the
downy mildew index generally ranges from 10 to 35 risk days, with
occasional extremes reaching up to 40. However, projected northern
Europe has powdery mildew index values between 30 and 40 risk days,
with extreme values reaching 60 risk days, placing it at the upper end
of today’s pressure spectrum. Consequently, these two indices strongly
constrain the selection of vineyard analogues, favouring locations in
mountainous regions.

The restrictive effect of considering the downy and powdery mildew
on the expected vine range is also illustrated in Fig. 13. It presents
the current vineyards that are projected to become unsuitable for vine-
growing in the future (in red) and the regions that could become
climatically suitable (in green) for the periods 2040, 2060, and 2080.
Fig. 13a is based solely on the Huglin index, considering a region
suitable for wine-growing if its Huglin index falls within the 5th to
95th percentile range of vineyards in 2020, i.e., between 1280 and
2540 degree-days. Thus, a location is considered to become unsuitable
in the future if it currently contains a vineyard but is projected to
have a Huglin index above 2540 degree-days in the considered future
period. Conversely, a location is classified as a potential new vineyard
location if its Huglin index was below 1280 in 2020 and exceeds this
threshold in the future. Fig. 13b includes our six bioclimatic indices,
applying upper thresholds that correspond to the current climatic limits
of most European vineyards: 0.1 frost day and 10 extreme heat days
i.e. the values of the 95th percentile of the current vineyards, and
3000 degree-days for the flavescence dorée index, 85 days at risk for
the downy mildew index, and 35 days for the powdery mildew index,
which corresponds to the 85th percentile of the current vineyards.

For the reasons discussed above, the area projected to become
suitable for vine-growth is reduced a lot when the all six indices are
considered as compared to the Huglin index alone. The downy mildew
condition is the strongest constraint, eliminating 25% of potential
vineyard locations in 2040, 48% in 2060, and reaching 71% by 2080.
This constraint alone explains the difference between Figs. 13a and 13b.
For the powdery mildew, the impact is smaller but still significant,
eliminating 1% of locations in 2040, 2% in 2060, and 5% in 2080.
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Fig. 10. Maps showing the best prospective analogues for each region, between existing vineyards in 2020 and Europe in 2080. The split of the regions between
the two panels has been chosen to maximize readability.
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Fig. 11. Location of the first five prospective analogues of European vineyards in the present for the periods 2020 and 2080 with and without considering the
downy and powdery mildew indices.
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Fig. 13. Map of current vineyards projected to become unsuitable for vine-growing in the future (red), and new regions that could become suitable (green) in
the periods 2040, 2060, and 2080. (a) Based on the Huglin index only. (b) Based on all bioclimatic indices.

The frost, extreme heat and flavescence dorée indices have little to no
influence on the results.

The regions projected to become unsuitable for vine-growing are
primarily located in southern Europe. The impacts begin as early as the
2040 period in southern Spain, Portugal, Italy, Greece, and Turkey. By
2080, central Spain and Italy, northern Portugal, Bulgaria, and southern
Romania could also face conditions that make viticulture unviable.
This risk impacts 46% of vineyards located below latitude 46 ° and
74% of those below latitude 40 °. These projections are only governed
by temperature-related indices as precipitation and relative humidity,
hence downy and powdery mildew are very low in these regions.
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These results challenge optimistic projections about the establish-
ment of vineyards in northern Europe (Malheiro et al., 2010; Nesbitt
et al., 2018). While temperatures by the end of the century may become
suitable for viticulture over a wide area, the increased risk of downy
and powdery mildew infections raises concerns about the feasibility of
growing vines on the long term in all these areas. Future vineyards
in these areas will need to contend with a high pathogen threat,
which could necessitate intensive disease treatments, with associated
cost and environmental impact. Furthermore, while higher elevations
can offer more optimal temperature and humidity conditions for vine-
yards, they also raise concerns regarding the availability of suitable
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soil and sufficient area, as well as the accessibility and practicality
of cultivating vineyards in such areas. Mountain viticulture, often on
steep slopes, severely limits mechanization and leads to significantly
higher production costs. In a context of overproduction and strong
competition, these mountain regions are likely to face difficulties in
developing profitable viticulture, as structural disadvantages such as
limited mechanization, fragmented plots, and higher production costs
reduce their competitiveness (Strub and Loose, 2021).

4. Conclusion

This study investigates the impact of climate change on vine grow-
ing in Europe using the climate analogues framework. Our approach is
tailored to the specific requirements of vine growing by incorporating
a set of bioclimatic indices, applying sub-grid climate corrections at
the vineyard scale, and mitigating redundancies between indices. The
bioclimatic indices cover both vine growth and pathogen develop-
ment, and capture the complex climatic requirements of viticulture.
Temperature-driven indices primarily cause north-south and elevation
shifts in climate analogues, while pathogen-related indices incorporat-
ing moisture and precipitation, such as those for downy and powdery
mildew, drive significant east-west movements. These contrasting in-
fluences emphasize the necessity of integrating all relevant indices,
as each one guides the selection of climate analogues in different
directions. The analysis was conducted from an adaptation perspective,
finding present-day analogues for projected future climates, and from
the prospective expansion point of view, identifying potential new vine-
growing regions by assessing the projected climate analogues of current
vineyards.

As the climate continues to warm, several regions in southern
Europe may face conditions that render viticulture unviable, while
northern regions will likely need to adapt their practices and grape va-
rieties to maintain suitable conditions for wine production. Regarding
prospective wine regions, while northern Europe may become ther-
mally suitable for viticulture, our results highlight that strong disease
pressure due to high projected humidity and precipitation could limit
the long-term viability of vineyards in these regions. Climate change
will affect more or less all current and future wine-growing regions,
requiring adjustments to wine-growing areas, grape varieties and prac-
tices. While some regions may initially experience an improvement
in wine quality, adjustments will be inevitable in the longer term.
Adaptation will likely require trade-offs between resilience, quality,
and sustainability.
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Appendix A. Principal components analysis (PCA)

A PCA is performed to account for redundancies between variables.
This analysis considers all index values at all individual vineyard loca-
tions in 2080. The principal components derived from all six indices,
with temperature correction applied, as detailed in Section 2.2, are
presented in Table A.1. The first principal component (PC1) is mainly
influenced by temperature-related indices, including the Huglin index,
the flavescence dorée index, and extreme heat days, while being neg-
atively correlated with the downy mildew index. PC1 carries a weight
of 0.53, meaning it captures more than half of the total variance. The
second component (PC2), dominated by the powdery mildew index,
has a weight of 0.22. The third component (PC3) mainly reflects the
number of frost days, with a weight of 0.16. The fourth, fifth, and sixth
components each have minimal contribution, with weights below 0.07.
Thus, PCA reduces the number of effective degrees of freedom from six
to three while preserving the most relevant information.

Table A.1
Principal Component Analysis (PCA) of the six bioclimatic indices with tem-
perature corrections: Eigenvectors and Weights.

PC1 PC2 PC3 PC4 PC5 PC6
Huglin index 0.54 0.19 0.06 0.08 0.17 -0.79
Flavescence dorée 0.49 0.40 0.11 -0.07 0.54 0.55
Downy mildew —-0.44 0.32 0.11 -0.75 0.28 —-0.23
Extreme heat days 0.50 -0.14 0.17 —-0.58 —-0.59 0.13
Frost days -0.15 0.05 0.96 0.22 —-0.08 0.00
Powdery mildew -0.10 0.83 —-0.15 0.19 —0.50 0.03
Weight 0.53 0.22 0.16 0.07 0.01 0.00

Appendix B. Coordinates of the regions
See Table B.1.

Appendix C. Prospective region analogues using temperature-
related indices only

See Fig. C.1.
Data availability

The locations of European vineyards were obtained from the CORINE
Land Cover database (European Environment Agency, 2018). Topo-
graphic data were extracted from the European Digital Elevation Model
provided by Eurostat (Copernicus Land Monitoring Service and Eu-
ropean Commission, 2013). Climate datasets were obtained from the
CORDEX data base (Jacob et al.,, 2014). The Python code used to
process the data is available in the Yareta repository of the University
of Geneva (Allaman et al., 2025).
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Table B.1

List of regions and their geographic boundaries. Regions containing several

sets of coordinates are defined as the union of multiple rectangular areas.
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Region Latitude Longitude Table B.1 (continued).
min max min max Region Latitude Longitude
France min max min max
Bordeaux 44.3 46.3 -1.5 0.8 Turkey
Bourgogne 45.3 47.9 3.3 5.0 Western Turkey 36.4 39.0 25.6 29.0
Champagne 47.9 49.5 2.5 5.5 Northwestern Turkey 39.0 41.5 26.0 33.3
Alsace 47.5 48.9 7.0 8.3 Southern Turkey 36.0 38.8 31.0 36.5
Provence 42.9 43.9 4.7 7.4 37.4 38.7 33.4 37.1
Loire Valley 46.2 48.5 -2.0 3.3 Turkey - Isparta 36.4 39.0 29.0 31.0
Corsica 41.5 43.0 8.5 9.7 Southeastern Anatolia 36.0 41.0 36.5 42.0
South-West of France 43.0 44.5 -1.3 1.0 Northern Anatolia 38.6 42.0 33.4 37.1
43.4 45.1 0.9 2.2 -
Languedoc 42.0 44.2 1.9 4.1 Romania
41.7 44.2 2.8 4.1 Transylvania 45.5 47.3 23.1 25.3
Rhone Valley 43.3 45.7 4.0 5.7 Hills of Moldova - North 46.0 48.2 26.0 28.6
Italy Hills of Moldova - South 45.1 46.0 26.0 28.6
Lower Danube Valley 42.9 45.2 22.4 29.5
Tuscany - Roma 42.2 44.3 9.4 12.7
Piedmont 44.3 453 7.2 10.0 Balkans
Aosta Valley 45.3 46.0 7.2 8.1 Balkans 42.8 46.3 18.7 23.1
Sicily 36.5 38.5 12.0 15.5 42.3 43.5 16.6 18.8
Apulia 37.7 40.7 14.3 19.0 39.3 42.8 19.0 21.0
Trentino-Veneto 44.7 46.2 12.0 13.2 Croatian uplands 43.9 46.0 16.7 20.0
44.3 46.7 10.2 12.0 Dalmatia 43.0 45.2 14.2 17.3
Friuli - Venezia - Giulia 44.7 46.3 13.2 14.3 Thracian Valley - Macedonia 41.3 42.9 23.6 29.5
Tuscany - Roma 40.6 42.1 12.0 14.3 38.9 41.6 19.0 25.0
Italy - Adriatic 42.0 44.0 12.7 14.5 40.7 42.4 20.30 23.6
40.7 42.2 14.3 19.0 Podravska 45.1 47.0 14.3 16.7
Sardinia 38.5 41.3 8.0 10.0 . . .
Non-wine-growing regions
Tberian Peninsula Algeria - Tunisia - coast 34.7 37.5 -2.4 11.3
Ribera del Guardiana 38.0 40.0 -7.5 -4.9 Sahara desert - Algeria 28.0 34.7 -2.4 11.9
Catalonia 40.7 42.5 -0.5 2.5 Sahara desert - Morocco 27.0 32.4 -10.0 -2.4
Castilla - La Mancha 38.4 40.6 -4.9 -2.6 Morocco - coast 32.4 35.9 -10.0 -2.4
Galicia 41.8 43.0 -9.5 -7.0 Sahara desert - Libya 29.7 33.4 9.20 33.0
Andalusia 36.2 38.4 -6.9 -2.2 Middle East 29.5 34.0 32,5 36.9
Castile and Le6n 40.8 42.8 -6.9 -3.1 Georgia 41.0 43.7 40.0 46.5
Rioja 40.8 42.8 -3.1 0.4 Syria 33.0 36.0 35.2 42.0
Majorca 39.0 40.0 2.5 3.5 Southern Russia 43.2 46.2 37.0 44.7
Valencia 37.2 40.2 -2.6 0.4 Ireland 51.4 55.5 -10.5 -5.3
Southern Portugal 36.8 40.0 -10.0 -7.0 Southern England 49.9 53.5 -5.9 1.9
Northern Portugal 40.0 42.2 -8.9 -5.9 Northern England 53.5 56.1 -5.2 0.3
Germany and Switzerland Southern Sweden 55.1 59.6 10.9 17.0
Belarus 51.9 56.5 23.4 32.4
Wallis 46.0 46.4 6.8 8.0 Britanny 47.0 48.9 _4.9 —2.0
Western Switzerland 46.0 47.1 5.8 7.2 Normandie 485 50.2 2.0 2.5
45.3 47.5 5.2 6.5 Belgium - Netherlands 49.5 53.4 2.5 5.9
Eastern Switzerland 47.2 47.9 8.0 9.7 Northwestern Germany 50.5 53.9 5.9 11.4
Alps 45.3 47.2 8.2 10.4 Northeastern Germany 52.0 54.5 11.4 15.0
South-West of Germany 49.4 50.6 5.9 7.5 Germany - Austria 46.2 50.0 10.0 15.0
48.9 50.4 7.5 10.8 47.2 48.8 8.3 10.0
48.5 49.0 9.0 9.6 Southern Poland 48.9 525 15.0 23.5
Germany - Saale 50.0 52.0 11.4 15.0 Northern Poland 52.5 56.5 15.0 23.4
Hungary Carpathian Mountains 45.2 45.7 23.0 26.0
Upper Danube Valley 47.5 49.0 16.1 19.5 45.7 47.3 %3 260
481 493 15.0 17.6 ' 47.3 48.9 22.5 26.0
45.7 48.1 21.0 23.5 ) : ’ ’
Western Hungary 45.8 47.8 16.3 20.5 Moldova 45.2 48.3 28.6 315
Russia - Volga 46.2 50.3 36.5 44.7
Mediterranean islands Denmark 53.9 57.8 7.9 10.9
Peloponnese 36.0 38.9 20.0 25.7 Latvia 55.6 58.2 209 28.5
Crete 34.7 35.7 23.3 26.5
Cyprus 34.0 35.5 32.0 34.6

(continued on next page)
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Fig. C.1. Regions matches between wine-growing regions in the present (left) and their prospective analogue regions in the future (top). The area of the dot
is proportional to the score of the analogue region. Dark circles: using only temperature-related indices: Huglin index, flavescence dorée, as well as frost and
extreme heat days; light circles: using all six bioclimatic indices. Blue present regions: different top analogue < 500 km apart; red present regions: different top

analogue > 500 km apart.
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