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Summary

Viticulture and wine production are facing climate change.
While it can be a challenge in some regions, it is an opportu-
nity for others. The aim of this study is to develop a method-
ology to assess climatic characteristics and potential for viti-
culture of new areas, through spatial analyses of data from
temperature-based grapevine models (the Grapevine Flow-
ering Veraison model -GFV and the Grapevine Sugar Ripeness
model -GSR) during current and future periods. A deadline
for veraison was set on the 1% of September for dry wine and
on the 15™ of September for sparkling wine. Different sug-
ar levels were targeted for the production of different wine
styles (170 g-L* for sparkling wine, 190 g-L'* and 200 g-L dry
white and red wines, respectively) on the 15" of October. The
methodology was applied over the region of Brittany (France)
to assess the potential to produce different wine styles
from 6 grapevine varieties (‘Sauvignon blanc’, ‘Chardonnay’,
‘Chenin’, ‘Pinot noir’, ‘Cabernet franc’ and ‘Cabernet-Sauvi-
gnon’). Observed data from the Météo-France weather sta-
tions network and an 8-km gridded climate model data from
the 2014 EUROCORDEX simulation set (CNRM-CM5/RCA4 cli-
mate model) were used over the past (1950-2020) and future
periods (2031-2060 and 2071-2100) under two GHG emission
scenarios (RCP 4.5 and 8.5). Climatic conditions of this region
seem to be increasingly suitable in the future depending on
climate scenario, time period projections and targeted types
of wine. The methodology can be applied to any emerging
winegrowing region with the ability to adjust variety choices,
time lines and sugar levels thresholds as desired to meet the
needs of a specific region.
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Introduction

Viticulture and winemaking are going through multiple tech-
nical and socio-economical changes inducing permanent evo-
lutions. Climate change, including increasing temperatures,
but also climatic hazards such as droughts, frost events (IPCC,
2021), is a particular challenging issue for grape growing, as
it is in agriculture in general. Advanced grapevine phenology
and modification of grape berry composition (increased sug-
ar content, decreased acidity) are observed throughout the
world since the end of the 1980’s (Neethling et al. 2012, Gar-
cia de Cortazar Atauri et al. 2017, van Leeuwen et al. 2019).
The climate projections and their potential impacts on viti-
culture in Europe and worldwide (Jones et al. 2005, Webb
et al. 2007 and 2008, Fraga et al., 2013, Hannah et al. 2013,
Cardell et al. 2019, Cabré and Nunez, 2020) urge winegrow-
ers to adapt in order to maintain wine quality and economic
sustainability (Duchéne et al. 2010, Garcia de Cortazar Atauri
et al. 2016, Ollat et al., 2016).

In addition to changes in grapevine phenology, yield, wine
composition and quality, future climate change impacts on
global viticulture also include a geographical redistribution
of vineyards. A shift of the suitability of grapevine cultivation
to higher latitudes was clearly projected in numerous stud-
ies (Malheiro et al. 2010, Hannah et al. 2013, Moriondo et
al. 2013, Santos et al. 2012, Fraga et al., 2016, Dunn et al.
2019, Remenyi et al. 2020), up to latitudes as high as those of
Scotland or Scandinavia in the northern hemisphere, trigger-
ing curiosity for further local investigations. In the meantime,
global warming, among other factors, has encouraged the de-
velopment of wine producing companies in regions located
at latitudes higher than 50°N in Europe, such as England and
Wales (Spellman 1999, Clout 2013). These regions become
increasingly suitable for wine production, and a 250 % growth
rate of areas under vines was recorded between 2004 and
2017, while sparkling wine dominates the production (Nesbitt
et al. 2016, 2018, 2019). It can also be noted that small com-
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panies develop further north, such as in Denmark (Bentzen
and Smith 2009) and Sweden, where studies on grapevine
growing potential were recently undertaken (Rauhut Kompa-
niets and Nilson, 2020, Cepnioglu 2021).

Given future climate projections displaying opportunities for
new wine regions to develop, as well as the fact that wine
is already made in regions situated at latitudes higher than
50°N in Europe, the development of viticulture seems to be
conceivable in new French regions, notably in Brittany. A shift
to higher latitudes is one of the scenarios for adaptation to
climate change being considered by the French wine produc-
ing sector. Four adaptation strategies emerged from a pro-
spective study with stakeholders in the wine producing sector
who were consulted on their perception of climate change
and willingness for adaptation: a “Conservative scenario”
with little or no change compared to current conditions; an
“Innovative scenario” with introduction of innovations in or-
der to maintain the vineyard in current geographical areas;
a “Nomadic” scenario” considering a geographical redistri-
bution of winegrowing region and a “Liberal scenario” with
less regulation (Aigrain et al. 2019). The "nomadic" scenario
was largely rejected by the wine producing sector, with 3 %
of the survey respondents only answering they would act to
help implementation of this possible future, fearing loss of
terroirs, landscapes and wine typicity (Aigrain et al. 2019).
However, new vineyards are currently being planted in the
north and north-west of France, such as in Brittany. Environ-
mental studies, including investigation of climate suitability
for new winegrowing regions, are therefore necessary to sup-
port decision-making and develop tools for choices such as
the best-suited grapevine cultivars.

Planting vineyards in new regions requires insight on regional
and future climate conditions. Investigation on climate suit-
ability for winegrowing at various latitudes generally makes
use of temperature-based indices and climate analogy with
existing wine producing regions. Among these indices, the
Winkler and Huglin indices are well adapted for tempera-
ture zoning of winegrowing areas (Winkler et al. 1974, Huglin
1978, Huglin and Schneider 1998). The Huglin index is widely
used in the multi criteria climate classification of winegrowing
areas (Tonietto and Carbonneau, 2004). It remained the index
that showed the best correlations with the potential sugar
ripeness in grapes (Huglin and Schneider, 1998), until more
recent models were developed to predict phenological stages
of vines and sugar ripeness of grape berries with greater ac-
curacy. Among these, the Grapevine Flowering and Veraison
model — GFV (Parker et al., 2011, 2013) and the Grapevine
Sugar Ripeness model — GSR (Parker et al., 2020a) are particu-
larly accurate. The GFV model was used to assess spatial vari-
ability in vine phenology during a growing season over a wine
region in New Zealand (Parker et al., 2014) and the GFV and
the GSR models were both recently used to predict trends in
phenology and sugar ripeness in Champagne (Parker et al.,
2020b). The use of these two models offers interesting meth-
odological perspectives to support harvest decisions in exist-
ing wine producing regions and to support grapevine cultivar
choices in emerging wine producing regions.

Therefore, we choose to apply these two phenological mod-
els to test an innovative methodology to study climate suita-
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bility for emerging winegrowing regions. It was implemented
over the Brittany region situated to the north-west of France
(Fig. 1). From the regional perspective, major impacts of cli-
mate change on agriculture in this region have been observed
(Mérotetal., 2012, Dubreuil et al., 2012). For exemple, Beau-
vais (2021) recently highlighted that the phenology and yields
of cereals were significantly impacted by the increased tem-
peratures and summer droughts in Brittany and Normandy.
This encouraged the agricultural sector to project adaptation
scenarios (Tilly, 2019; Ligneau et al., 2020) and explore ag-
ricultural opportunities. Drought-tolerant plant varieties for
instance, such as alfalfa or sorghum, are being introduced
in this region (Beauvais et al.; 2021). Viticulture can be con-
sidered as an option, as it was preliminarily investigated by
Bonnardot and Quénol (2020), especially since vines have al-
ready been cultivated in this region in the past (Saindrenan,
2011; Bachelier, 2020) and are currently replanted first un-
der the impulse of associations of wine enthusiasts to safe-
guard local heritage and more importantly since 2016 with
new regulations leading to the authorization of the plant-
ing of vines and the establishment of commercial vineyards
(decree n°2015-1903; https://www.legifrance.gouv.fr/jorf/
jo/2015/12/31/0303). Hence, climate change is not the initial
trigger for vine development in Brittany but, considering that
increasing temperatures in this cool oceanic climate region
improves the potential quality of the produced wines, it is a
factor enhancing vine development in the region (Bonnardot
and Quénol, 2020).

This study establishes a methodology to assess the thermal
potential of an emerging wine-growing region for the matu-
rity of different grape varieties, using recently published indi-
ces in order to support decision-making regarding the choice
of grape varieties. It also develops knowledge of the climatic
potential of Brittany for viticulture at fine resolution, to pro-
vide information to local farmers who wish to diversify their
productions and, secondly, to the wine industry stakeholders
to assess the nomadic scenario of adaptation for viticulture.

Material and Methods

Study area

The Brittany region stretches approximately between 47°N
and 49°N of latitude and 1°W and 5°W of longitude and cor-
responds to the peninsula that is in the northwest of France
(Fig. 1). Brittany is under the influence of an oceanic climate,
rather mild and humid, with relatively little seasonal contrast.
Relief consists of rolling hills with the highest altitude cul-
minating at 385 m in what remains of the Hercynian chain.
The economy of the region is mainly based on agriculture,
where an intensive mixed crop-livestock system prevails in
the interior while vegetable production occupies the coast-
al agricultural areas. Areas with vineyards are sporadically
distributed throughout the region with an approximate total
area of 100 hectares (ARVB, 2021; https://vigneronsbretons.
bzh/). The study region (Fig. 1) includes the four departments
of the Brittany region (Cotes d’Armor, Finistere, llle et Vilaine,
and Morbihan), and the bordering Loire-Atlantique depart-
ment to the south (whose territory was part of historical
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Brittany Region), to provide a climatic comparison with the
closest commercial wine growing region in the Loire Valley.
This study area therefore corresponds to an extended admin-

istrative Brittany region, yet for easy-reading purposes we will
refer to it hereafter as “Brittany”.

This research is based on the analysis of daily temperature
data (including maximum and mean temperatures) of dif-
ferent types (observed and modelled data) and of some
observed mid-veraison and maturity information at harvest
from existing vineyards.

Temperature data

Observed temperature data from seven weather stations of
the Meétéo-France synoptic network, representative of the
regional climate variability of the study region, were used
over the 1950-2020 period (when available): Brest-Guipa-
vas, Dinard-Pleurtuit, Lorient-Lann-Bihoué, Nantes-Bougue-
nais, Quimper-Pluguffan, Rennes-Saint-Jacques and Rost-
renen (Fig. 1). For easy reading, these weather stations are
named respectively hereafter: Brest, Dinard, Lorient, Nantes,
Quimper, Rennes and Rostrenen.

Modelled climatic data at 8 km spatial resolution were down-
loaded from the Drias platform (http://www.drias-climat.fr/
2014 dataset). The dataset for the study area corresponded
to a total of 534 points (Fig. 1). The data generated by the
French climate model developed by the National Center for
Meteorological Research (CNRM) (Nabat et al. 2020, Daniel et
al. 2019) and the European Center in Research and Advanced
Training on Scientific Computing (CERFACS) were used to
study climate future over the study region in the continuity
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of previous works (Bonnardot and Quénol 2020, Zavlyanova,
2020), namely the “CNRM-CM5/RCA4” which is a median
model within the EURO-CORDEX CMIP5 GCM/RCM ensemble

in terms of temperature (Drias 2020, http://www.drias-cli-
mat.fr/).

The daily temperature data were retrieved over two periods:

— the historical period (1976-2005) to assess the climate
model performance against the observed data. Data for
the seven meteorological stations enumerated before,
were compared to data from the nearest grid point of the
Drias database to identify the model biases.

the future period running to 2100 to analyze the future
climatic conditions.

The future period was subdivided into two periods of 30 years
(according to the WMO standard climatic norm in climatolo-
gy: a mid-term period (2031-2060) and a long-term period
(2071-2100). These projections were analyzed for two GHG
emission scenarios (RCP4.5 and RCP 8.5) (Moss et al., 2010).

Grapevine phenology and berry maturity data

Although the number of plots with existing grapevines is lim-
ited in the study region, some grapevine phenology (date of
mid-veraison) and berry maturity (sugar levels) data were col-
lected from two grower associations (locations of the plots
on Fig. 1). From plot 1, situated to the south of llle-et-Vilaine
half-way between the Rennes and Nantes weather stations,
we obtained the dates of veraison observed on Pinot noir of a
vine planted in 2009 for two seasons (2018 and 2019). From
Plot 2, situated to the south of Finistere close to the weather
station of Quimper, we obtained the dates of harvest and sug-
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Fig. 1: Study area situated in the North-West of France and location of seven synoptic weather stations (red circles). Purple points (534)
represent the gridded climatic dataset (Drias-climat.fr) and green triangles identify the grapevine plots on which agronomic data were

collected.
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ar level (expressed as the potential alcohol content) estimat-
ed by a densimeter from a vineyard of ‘Chardonnay’ planted
in 2006 for two seasons (2009 and 2010).

The research methodology is based on the calculation and
spatialization of bioclimatic indices for viticulture over histor-
ic and future periods: the Huglin heliothermic index (Huglin,
1978) and two more recent bioclimatic indices, the Grape-
vine Flowering and Veraison model (GFV; Parker et al., 2011)
and the Grapevine Sugar Ripeness model (GSR; Parker et al.
2020a).

Assessment of the climatic model to make meth-
odological choices

The first step of the analysis is the assessment of the model
used in this study over the historic period, i.e., the comparison
between modelled and observed climatic data for the seven
weather stations. This enables the model bias to be analyzed,
which is needed for the interpretation of the results related
to the future period. This comparison was performed for the
1976-2005 period in a previous work (Zavlyanova, 2020). Ma-
jor results regarding the growing season mean and maximum
temperatures, which are used for the calculation of bioclimat-
ic indices, are summarized in Table 1. Regarding mean tem-
peratures, differences between modelled and observed data
showed an overall slight but significant underestimation by
the climatic model (except for Nantes), whose magnitude de-
pended on location and season. The greatest difference was
noted in spring for Lorient and Rostrenen and reached 0.4 °C.
Regarding maximum temperatures, underestimation was in
general greater than for mean temperatures in both seasons,
varying from 0.8 °C in Nantes to 1.6 °C in Lorient.

These under-estimations and/or local over-estimation of the
modelled temperatures impact the calculation of the biocli-
matic indices and will be considered in the analysis of the
results.

Calculation of the Huglin index

The Huglin index was originally established to estimate the
thermal requirements for grape ripening and was better
correlated with grape sugar levels (an overall 180-200 g-L*
content) than the Branas and Winkler indices (Huglin and
Schneider, 1998). This index was later combined with other
climatic variables for the establishment of the multicriteria
climate zoning of winegrowing regions (Tonietto and Carbon-
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neau, 2004) and largely used since (e.g. in Santos et al., 2012,
Koufos et al., 2018).

The Huglin index (HI) is based on a temperature summation,
that considers daily mean and maximum temperatures above
10 °C as well as a coefficient of latitude (to take into consid-
eration day length). The temperature accumulation is com-
puted over the growing season of the vine, between the 1% of
April and the 30™ of September for the northern hemisphere
(3) (Huglin, 1978).

HI = Zigf;zi)ltember (Tma—10 C);—(Txd 10°C) < k

T, = Daily mean temperature in °C.

(3)

T , = Daily maximum temperature in °C.

k = coefficient of latitude ranging from 1.02 for latitude 40 to
1.06 to latitude 50. A coefficient of 1.05 was assigned to Lori-
ent, Nantes, Quimper and Rennes and 1.06 to Brest, Dinard
and Rostrenen.

This index was computed over the historic period (1976-
2005) using the observed data and plotted at the seven
weather stations to compare these locations and show the
inter-annual variability and trend of the thermal conditions
for viticulture since 1950 until present in this region. Further-
more, given that a statistically significant change in tempera-
ture since the 1980s on the observed time series was shown
by means of the Pettitt t test (Zavlyanova, 2020), the historic
period was subdivided into three periods for further interpre-
tation of the results: before and after the significant change,
i.e. 1950-1979, and 1980-2009 respectively and the most re-
cent decade (2010-2020). The Huglin index was also calculat-
ed using the modelled datasets over the future period for two
timelines (2031-2060 for the mid-term period and 2071-2100
for the long-term period) and two GHG emission scenarios
(RCP4.5 and RCP8.5). The analyses were performed on the
model grid points nearest to the weather stations.

The use of the Grapevine Flowering and Veraison
(GFV) and Grapevine Sugar Ripeness (GSR) mod-
els for a selection of grapevine varieties

The Grapevine Flowering Veraison (GFV) model (Parker et
al., 2011, 2013) is a linear phenological model (temperature
summation). It was established from a large database of
phenology observations of grape varieties cultivated under
different climatic conditions from many wine regions in the
world across many years, to support the prediction of dates
of mid-flowering (F) and mid-veraison (V) of the vine, corre-

Table 1: Spring and summer temperature differences (in °C) between modelled and observed data over the 1976-2005 period for specific

locations in Brittany (extracted from Zavlyanova 2020)

Variable Season Dinard Lorient Nantes Quimper Rennes Rostrenen

Mean Temperature Spring -0.2 -0.4 +0.1 -0.3 -0.2 -0.4
Summer -0.1 -0.3 +0.1 -0.3 -0.1 -0.3

Maximum Temperature Spring -1.4 -1.6 -0.8 -0.9 -0.9 -0.9
summer -1.4 -1.6 -0.8 -1.1 -1.0 -1.0
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sponding respectively to stages BBCH 65 and 85 (Destrac-Ir-
vine et al., 2019). The average value (temperature summa-
tion) required to reach mid-flowering and mid-veraison is
specific for each grapevine variety. This value corresponds to
the cumulative daily mean temperature above 0 °C starting
as from March 1* for the northern hemisphere (4) for which
the dates for 50 % flowering or 50 % veraison are predicted,
as indicated in Parker et al., (2013).

GFV = X{ifaren . Tmd (4)

T, = daily mean temperature above 0 °C.

The Grapevine Sugar Ripeness (GSR) model, similar in con-
ception to the GFV model, allows to determine target dates
for specific sugar concentrations in grape berries, from 170
gL' to 220 g-L*. Thresholds were calibrated for a wide range
of grapevine varieties. The cumulative daily mean temper-
ature above 0 °C starting as from April 1% for the northern
hemisphere (5) required for grape varieties to reach specific
sugar concentrations in the berries have been published in
Parker et al. (2020a).

GSR =3y Tmd (5)

Tmd = daily mean temperature above 0 °C.

The specific GFV and GSR thresholds were calculated for a se-
lection of grapevine varieties. The study focuses on six grape-
vine varieties, chosen for their timing of ripeness, their po-
tential to produce high-quality wine and successful utilization
in commercial vineyards adjacent to the study area.

White grapevine varieties considered in this study:

— ‘Sauvignon blanc’ experiences very early ripening and has
a high-quality potential for white wine production,

— ‘Chardonnay’ is a high-quality variety, widely cultivated
and is only slightly later ripening than ‘Sauvignon blanc’.
It is also frequently grown at high latitudes (Clout, 2013,
Nesbitt et al., 2018) and can successfully be used to pro-
duce sparkling wines when harvested at low sugar levels
(170 g:L),

— ‘Chenin’ is a later ripening variety and is a benchmark vari-
ety of the neighbouring Loire Valley.

Red grapevine varieties considered in this study:

— ‘Pinot noir’ is one of the earliest ripening varieties among
the red cultivars and has a high-quality potential. It can
also successfully be used for sparkling wine production
when harvested at low sugar levels (170 g-L?),

— ‘Cabernet franc’ is a high-quality variety and is a bench-
mark variety of the adjacent Loire Valley,

— ‘Cabernet-Sauvignon’ is a later ripening and high-quality
variety, widely cultivated, also cultivated in Loire Valley, al-
though being a minor variety there.

The GFV and GSR thresholds for these varieties were calcu-
lated using observed and modelled climatic data. They were
computed using the observed temperature data to assess
both grapevine models and to analyze the inter-annual var-
iability and trend over the 1950-2020 period at the seven
locations. They were used to determine the suitability of are-
as for viticulture over the study region, i.e., the suitability to
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produce specific wine styles using certain targeted sugar level
at specific dates.

Considering that the bias of the climate model on the mean
temperatures over the 1976-2005 period was very small
(Table 1), the GFV and GSR indices were computed using the
climatic projections to analyze the future potential for viticul-
ture in the region.

Validation of the output of the GFV and GSR mod-
els

Given grapevine cultivation is limited in this region, validation
of the GFV and GSR grapevine models was performed using
a limited set of mid-veraison and maturity data collected for
‘Pinot noir’ and ‘Chardonnay’ from growers.

For each field observation or measurement, two calculations
were made:

— the GFV or GSR cumulative degree-day obtained for the
day on which the specific observation or measurements in
the plot was made, using the temperature data recorded
at the nearest weather station. This value was compared
to the GFV or GSR values required for the given cultivar to
reach mid-veraison or targeted sugar levels according to
Parker et al., 2013, 2020a).

— the dates at which the required GFV or GSR values were
reached for the year of the specific observation to com-
pare with the dates of observation or measurement.

The two resulting differences (errors of prediction, as ex-
pressed in degree-day and numbers of days) contribute to
assessing the performance of both grapevine models under
the specific regional climate conditions. Unfortunately, not
enough data was available for an extensive validation of the
models in the study area.

Definition of the conditions for suitability and cri-
teria for spatialization

In this study, the GFV model was used to predict mid-veraison
and the GSR model to predict target sugar concentrations at
harvest, namely 170 g-L™* to produce sparkling wines, 190 g-L*
for dry white wines and 200 g-L! for dry red wines. The GFV
and GSR values that are required for the six selected cultivars
to reach mid-veraison and different sugar ripeness targets are
presented in Table 2.A.

The suitability for viticulture (i.e., to produce different wine
styles) was determined using specific deadlines to reach
mid-veraison and sugar ripeness depending on the targeted
wine style (Table 2B).

If the thermal requirement for mid-veraison was not reached
by the 1° of September for dry wines or by the 15" of Sep-
tember for sparkling wines, it was considered too late for
commercial wine productions (therefore unsuitable for the
expected production), because the desired sugar ripeness
level was unlikely to be reached. Likewise, the date of Octo-
ber 15" was considered as the deadline for grapes to reach
the targeted sugar content. Beyond these dates, it was as-
sumed that climatic conditions (decreasing temperatures and
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Table 2. (A) Thermal requirements (in degree-days) for the selected grapevine varieties to reach mid-veraison according to the GFV model
(Parker et al., 2013) and to reach three targeted levels of sugar ripeness according to the GSR model (Parker et al., 2020a). (B) Deadlines
at which mid-veraison and selected target sugar levels should be reached to determine suitability for viticulture according to various ob-

jectives of production (sparkling and/or dry wines)

Selected grape

variety

the modelled date

Cumulative degree days

required to reach

Cumulative degree days

required to reach the modelled date to sugar
concentration in grapes targeted at:

for mid-veraison

170 gL 190 g-L* 200 g-L*
(A) Cabernet franc 2692 2683 2837 2909
Thermal requirements  capernet-sauvignon 2689 2797 2926 3031
(in degree-days)
Chardonnay 2547 2723 2813 Not considered
Chenin 2712 2798 2989 Not considered
Pinot noir 2511 2695 2788 2838
Sauvignon blanc 2528 2602 2719 Not considered
(B) Targeted Deadline to reach Deadline to reach Target
Deadlines for mid- wine style mid-veraison target sugar level sugar level
veraison and 'farget sugar Sparkling wine 15t of September 15% of October 170 gLt
levels for various objec- . ) . " .
tives of production Dry white wine 1% of September 15" of October 190 g-L
Dry red wine 1%t of September 15% of October 200 g-L*

increasing rainfall) would no longer allow grapes to achieve
the desired level of ripeness.

The GFV and GSR thresholds were also calculated for each
selected red and white grapevine variety at the 534 points of
the study region (Fig. 1) using the modelled datasets over the
future period for two timelines (2031-2060 for the mid-term
period and 2071-2100 for the long-term period) and two GHG
emission scenarios (RCP4.5 and RCP8.5).

The deadlines to determine suitability according to the ex-
pected production of wine style (Table 2B), were used for two
calculations: the average over the considered period and the
percentage of years with fulfilled requirements. At first, GFV
values for the 1** and the 15" of September, as well as the GSR
value for the 15" of October, were averaged over the differ-
ent periods and scenarios to obtain, at each point, for each
deadline and each period and scenario, an average value be-
yond or below which viticulture was determined as unsuita-
ble or suitable according to the expected production of wine
style. These mean values were mapped to produce a general
image of the suitable areas for viticulture in the region. The
spatialization was performed using the QGIS software and
the interpolation between points using the inverse distance
weighting (IDW) method (Ly et al., 2013). Secondly, the per-
centage of years within each period that met the different
requirements to reach mid-veraison and targeted sugar levels
at selected deadlines was calculated in order to consider the
interannual variability. The percentage of suitable years for
each study period was a means for assessing the economic
viability of viticulture in the region.

The resulting maps and percentage graphs for each grape-
vine variety were used to analyze the overall potential of the
emerging region to produce specific wine styles depending
on future periods and GHG emission scenarios.

Results

Interannual variability and trend of the Huglin in-
dex (1950-2020)

The average values of the Huglin index remain very low (and
very often below 1500 if we consider the inter-annual data)
during the first 30-year period (1950-1979) and increase start-
ing in the mid-1980s (Fig. 2). Based on the minimum thermal
requirement provided by Huglin and Schneider (1998) for the
earliest cultivars (1500-degree days for ‘Muller-Thurgau’ and
‘Blauer Portugieser’), the thermal conditions experienced in
the region during the 1950-1979 period were unsuitable for
viticulture. This result points out the limit of the use of the
Huglin index, as the Loire-Atlantique department (associat-
ed to the curve of Nantes on Fig. 2) is a well-known region
producing dry white wine (‘Muscadet’). The Huglin index is
significantly higher over the period 1980-2009, showing im-
provement in thermal conditions for viticulture over the area.
The value of the index was, on average during this period,
over 1500 degree-days in Rennes and Nantes and close to
1500 in Lorient. For the other stations, the mean value has
also been increasing since 1950 until today but still remains
below 1500 degree-days in most years.

Hence, Huglin index shows increasingly suitable thermal con-
ditions for viticulture over the past 70 years for viticulture in
the Brittany region. Values are situated in the very cool or
cool climate class according to the climatic classification of
Tonietto and Carbonneau (2004).

Simulations show that the Huglin index will reach average val-
ues above 1500 units for all stations considered (except Rost-
renen and Dinard) for the 2031-2060 period under the RCP4.5
and 8.5 scenarios (data not shown). For the 2071-2100 peri-
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od, according to modelled climate data using the RCP4.5 sce-
nario, all the measurement points will reach a mean Huglin
index greater than 1500 and Rennes, Lorient and Nantes will
be in the "temperate" class (>1800). According to modelled
climate data using the RCP8.5 scenario, all points will reach
values above 1900 and Rennes, Nantes and Lorient will have
a Huglin index greater than 2100 (“warm temperate”).

Due to the limits of the Huglin index to distinguish fine lev-
els of sugar as defined for the study (Table 2B), GFV and GSR
models were tested to provide deeper insight in the suitabili-
ty for wine growing in Brittany. The GFV and GSR models were
applied to the historical and future periods. These data were
spatialized to study the suitability of a set of six grapevine
varieties for quality viticulture in Brittany.

Partial validation of the GFV and GSR models with
phenology observations and grape sugar data re-
corded in existing parcels in Brittany

Modelled and observed dates for veraison and sugar ripeness
are presented in Table 3. Errors of prediction range from 2 to
16 days.

At Plot n°1, for ‘Pinot noir’ in 2018 and 2019, the degree-days
that were obtained with the GFV model (computed with the
temperature data of Nantes) for these dates resulted in a dif-
ference of 16 to 5 days, respectively, as compared with the
GFV value required for ‘Pinot noir’ to reach mid-veraison ac-
cording to Parker et al., 2020a. At Plot n°2, for ‘Chardonnay’
in 2009 and 2010, the highest sugar concentration target for
‘Chardonnay’ as indicated in Parker et al., (2020a) is 200 g-L™.
The 200 g-L* sugar level was used as it was the closest sug-
ar level to the one measured. Using the temperature data of
Quimper, the GSR model predicted the dates of the 10* of
October for 2009 and the 8" of October for 2010, for a sugar
level of 200 g-L*. The differences between the modelled and
observed dates for ‘Chardonnay’ in Quimper reach 7 days, in
2009.

Evolution of GFV and GSR thresholds over the
1950-2020 period and current conditions to pro-
duce dry white and red wines in Brittany

Annual dates of mid-veraison for ‘Pinot noir’ and targeted
sugar levels for ‘Pinot noir’ and ‘Chardonnay’ were modelled
using the temperature data of Brest, Dinard, Lorient, Nantes,

Table 3: Errors in prediction of the GFV and GSR grapevine models tested on four field observations in Brittany grown with ‘Pinot noir’ and

‘Chardonnay’ as expressed in number of days

Observed information

Date at which the required GFV or GSR
values is reached for the year of the
specific observation

Errors of prediction as expressed
in days
(Modelled date — observed date)

Date of Pinot noir Veraison at Plot 1 in 2018: 4 20 August
August

Date of Pinot noir Veraison at Plot 1 in 2019:18 13 August
August

Potential alcohol of 11.9% (200 g/L sugar) of Char- 10 October
donnay harvested at Plot 2 on 17/10/2009

Potential alcohol of 12.2% (210 g/L sugar) of Char- 8 October

donnay harvested at Plot 2 on 10/10/2010

- 16 days
5 days
7 days

2 days
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Quimper, Rennes and Rostrenen. The output allowed analyzing
the evolution of GFV and GSR indices over the 1950-2020 peri-
od and the potential to produce dry and red wines (Fig. 3, A-C).

The increasing regional temperatures induce earlier mod-
elled dates of mid-veraison (Fig. 3A) and sugar ripeness
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(Fig. 3, B-C), although inter-annual variability remains high.
Thermal requirements of mid-veraison and expected sugar
levels are met in the last decade (2010-2020) for most of the
stations in most of the year. Comparing the periods of 1950-
1980 and 1981-2010, the sugar ripeness was advanced by
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Fig. 3: (A) Modelled dates of mid-veraison for ‘Pinot noir’ by using the GFV index. (B) Modelled dates of sugar ripeness for a target sugar
level of 190 g-L-1 (11.2 % potential alcohol) for ‘Chardonnay’ by using the GSR index, and (C) modelled dates of sugar ripeness for a target
sugar level of 200 g-L-1 (11.7 % potential alcohol) for ‘Pinot noir’ by using the GSR index over the 1950-2020 period, at seven weather
stations on Brittany with averages/periods and linear trends for Rennes weather station.
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approximately one week. Hence, temperature conditions are
becoming increasingly suitable for grape growing in Brittany.

Spatialization of mean dates for mid-veraison
and sugar ripeness levels under different climate
change scenarios for future periods 2031-2060
and 2071-2100

Maps displayed on Figs. 4-8 represent the areas for which
mid-veraison and different target sugar levels of various cul-
tivars are reached at selected deadlines (1/09 and 15/09 for
mid-veraison and 15/10 for sugar ripeness) on average over
two thirty-year periods (2031-2060 and 2071-2100) under
different climate change scenarios (RCP 4.5 and RCP 8.5).
Identification of suitable localities using the selected criteria
presented in Table 1 are discussed in the following sections
according to various objectives of wine production.

Identification of localities suitable to produce
sparkling wines

To produce sparkling wines, suitable localities are those
where ‘Chardonnay’ and ‘Pinot noir’ grapes are projected to
reach mid-veraison before the 15" of September and a con-
centration of 170 g-L* of grape sugar is reached before the
15% of October as explained in Table 1.

Considering the 2031-2060 period, the mid-veraison of ‘Pinot
noir’ and ‘Chardonnay’ is projected to occur before this date,
on average, in most sectors of the region, yet it would remain
a challenge in the extreme north-west and central parts of
Brittany as shown in Fig. 4 under the conditions of RCP 4.5.
The entire region would turn suitable considering the end of
the century (results not shown as maps are fully colored).

Moreover, if mid-veraison is projected to be reached before
the threshold date of the 15% of September, the targeted
sugar ripeness of 170 g-L* should be reached before the 15t
of October. This is the case over the entire region whatever
scenario or horizon considered (data not shown). This means
that even if mid-veraison seems to be challenging in the
north-west of Brittany to make sparkling wine (Fig. 4), it is still

possible that a suitable sugar ripeness can be obtained before
the 15% of October.

Identification of localities suitable to produce dry
white wines

Mid-veraison would be reached for the earliest white grape-
vine varieties (‘Sauvignon blanc’ and ‘Chardonnay’), on aver-
age, before the 1% of September in nearly the entire region
over the 2031-2060 period, whether under the RCP 4.5 (Fig. 5
top) or RCP 8.5 (Fig. 5 middle) conditions. During this mid-
term period, these varieties would fail to reach mid-veraison
before this date only in the north-western part of the region.
Towards the end of the century (2071-2100), ‘Sauvignon
blanc’ would reach this phenological stage before the 1 of
September over the entire area under both scenario condi-
tions (as shown for example for the RCP 4.5 in Fig. 5 bottom).
‘Chardonnay’ would reach it over a greater surface than for
mid-century under the RCP4.5 conditions (Fig. 5 bottom) and
over the entire area under RCP8.5 conditions (not shown).
Regarding ‘Chenin’, which is the most cultivated grape vari-
ety in the neighboring Loire Valley, mid-veraison would be
reached before the 1 of September during the mid-term pe-
riod in the whole Loire-Atlantique department as well as in
the south of Ille-et-Vilaine and Morbihan (Figs. 5 top and mid-
dle). During the long-term period, the areas where mid-verai-
son of ‘Chenin’ could be reached on time, extends gradually
in north-west direction, covering the entire departments of
both llle-et-Vilaine and Morbihan, the east of Cétes d’Armor
and the south of Finistére under the RCP 4.5 scenario (Fig. 5
bottom) and the entire region under the RCP 8.5 scenario (re-
sults not shown).

‘Sauvignon blanc’ and ‘Chardonnay’ would reach the sugar
ripeness target of 190 g-L*, before the 15" of October, on av-
erage, over the entire study area, whatever scenario or time-
line considered (results not shown). For ‘Chenin’, this target
sugar level would not be reached, on average, in the north-
west of Brittany during 2031-2060 whether RCP 4.5 or RCP
8.5 is considered (Fig. 6). Nevertheless, during the long-term
period, even ‘Chenin’ would ripen up to a sugar concentra-
tion level of 190 g-L! over the entire study region (results not
shown).
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Fig. 4: Regions in Brittany (colored areas) where mid-veraison of ‘Chardonnay’ (left) and ‘Pinot noir’ (right) is reached before the 15th of
September according to the GFV index, for the 2031-2060 period under RCP 4.5.
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Fig. 5: Regions in Brittany (colored areas) where mid-veraison of ‘Sauvignon’, ‘Chardonnay’ and ‘Chenin’ is reached before the 1st of Sep-
tember according to the GFV index, for the 2031-2060 period under the RCP 4.5 (top) and RCP 8.5 (middle) conditions and for the 2071-

2100 period under RCP4.5 conditions (bottom).

Identification of localities suitable to produce dry
red wines

In the time frame 2031-2060, mid-veraison would be reached
for red grapevine varieties ‘Pinot noir’, ‘Cabernet-Sauvignon’
and ‘Cabernet franc’, on average, before the 1% of September
over half of the region only (the south and east) or more for
the early cultivar ‘Pinot noir’ under RCP 4.5 (Fig. 7 top). The
surface meeting these requirements extends progressively
towards the northwest under the RCP 8.5 (Fig. 7 middle) or
during the end of the century (Fig. 7 bottom). ‘Pinot noir’
would reach this phenological stage during the long-term pe-

riod of 2071-2100 before the 1% of September over the whole
area under RCP 8.5 as soon as 2031-2060 (Fig. 7 middle),
while ‘Cabernet-Sauvignon’ and ‘Cabernet franc’ would reach
it over the entire region by the end of the century under RCP
8.5 only (results not shown).

The mapping of areas where thermal conditions would allow
red grapevine varieties to reach sugar ripeness at 200 g-L! is
in accordance with those of mid-veraison. The early ripening
‘Pinot noir’ cultivar would reach this target sugar level before
the 15 of October over the whole region as soon as 2031-
2060 whatever the scenario; while the late maturity cultivars
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Fig=6: Regions in Brittany (colored areas) where the mean target sugar level of 190 g-L-1 is reached before the 15th of October on average
for the 2031-2060 period under RCP 4.5 (left) and RCP 8.5 (right) conditions.
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Fig. 7: Regions in Brittany (colored areas) where mid-veraison of ‘Pinot noir’, ‘Cabernet franc’ and ‘Cabernet Sauvignon’ is reached before

the 1st of September according to the GFV index, for the 2031-2060
the 2071-2100 period under RCP4.5 conditions (bottom).

‘Cabernet franc' and especially ‘Cabernet Sauvignon’ would
not reach it before this date in the north-west of Brittany dur-
ing 2031-2060 under RCP 4.5 but RCP 8.5 (Fig. 8). Neverthe-
less, these two red grapevine varieties would reach 200 g-L*
of sugar concentration before the 15" of October, on average,
across the whole region during the long-term period (results

period under RCP 4.5 (top) and RCP 8.5 (middle) conditions and for

Identification of commercial viticulture viability

Figs. 4 to 8 identify localities where mid-veraison and target
sugar ripeness levels would be reached on average before
critical dates over two thirty-year periods, but do not consid-
er inter-annual variability. Therefore, the percentage of years
meeting various targets and deadlines set up in this study

not shown). is displayed to assess viability of commercial viticulture de-
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Fig. 8: Regions in Brittany (colored areas) where ‘Pinot noir’, ‘Cabernet franc’ and ‘Cabernet Sauvignon’ reach the mean target sugar level
of 200 g-L-1 before the 15th of October on average for the 2031-2060 period under the RCP 4.5 (top) and RCP8.5 (bottom) conditions.



pending on the objective of producing still wines: percentage
of years with mid-veraison reached before the first of Sep-
tember (Figs. 9, A and B) and with sugar targeted at 190 g-L*!
for white wines and 200 g-L* for red wines reached before the
15% of October (Figs. 9, C and D). The example is given for one
station, Rostrenen, where viticulture is the most challenging,
in order to highlight the methodology.

Considering the 1% of September as the deadline for mid-ve-
raison to be reached (Figs. 9 A and B), the percentage of suit-
able years is greater for cultivation of early cultivars (‘Sauvi-
gnon blanc’, ‘Chardonnay’ and ‘Pinot noir’) than for late cul-
tivars (‘Cabernet franc’, ‘Cabernet-Sauvignon’ and ‘Chenin’)
and reached at least 80 %, especially at the end of the century
under the RCP 8.5 conditions as shown for Rostrenen station
as an example. At the northernmost and/or westernmost
stations, the cultivation of the late cultivars for dry wines re-
mains economically challenging during the short-term period
under the RCP 4.5 scenario but the viability is considerably
improved during the long-term period and the RCP 8.5 condi-
tions (Fig. 9 B and D). For the production of sparkling wines,
however, the percentage of suitable years reached 100 % at
all stations leading to a viable commercial activity (as shown
for Rostrenen in Fig. 9 D).

Discussion

This study assessed the thermal potential of Brittany using
the GFV and GSR grapevine models to assist in the deci-
sion-making process for grape variety selection. The scientific
approach of using these phenological models with temper-
ature data from weather stations and modelled data from
future climate projections allowed spatial and temporal es-
timation of the suitability of grape varieties for viticulture in
Brittany.

Contribution and limits of the Huglin index to as-
sess viticultural suitability

Computing the Huglin index over the historical period allowed
assessment of the thermal conditions and comparison with
existing wine producing regions. The Huglin index increased
over the historical period, with an acceleration since 2010,
confirming the regional impact of climate change in Brittany.
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The index was, however, often under 1500 units at most
stations, a threshold that Huglin considers as the minimum
thermal requirement for the earliest cultivars to reach a sugar
content of 180-200 g-L*. The target sugar level is too coarse
and so are the threshold values provided for a range of varie-
ties in Huglin and Schneider (1998). In comparison, the more
recent GFV (for flowering and mid-veraison) and GSR (for
sugar ripeness) models provide a more precise framework to
assess the suitability of a given region for wine production
(Parker et al. 2011, 2013, 2020a). Hence, in this work, the
Huglin index was used to analyze temperature trends over
historical and future periods only, while spatial projections
for the suitability for viticulture in Brittany were based on the
GFV and GSR models.

Assessment of the performances of the GFV and
GSR models

Because viticulture is currently marginal in Brittany, only a
limited number of field observations for mid-veraison and
grape sugar levels were available to attempt assessing the
accuracy of the GFV and GSR models under the climatic con-
ditions of Brittany. Moreover, some of the vineyards in pro-
duction are still very young and there is no scientific moni-
toring protocol that can ensure the quality of the collected
data. Keeping in mind these limits, comparison of observed
and modelled dates resulted in a difference on average of 10
days for mid-veraison and 4 days for targeted sugar ripeness
dates (Table 2). The magnitude of the error is slightly great-
er or comparable to those published in Parker et al. 2020b,
where errors in prediction of mid-veraison were less than 7
days for 87 % of the cultivars and years considered and errors
in prediction of a target sugar ripeness level of 190 g-L'* was
less than 10 days for 94 % of cultivars and years. The main
cause of discrepancy may come from the climate dataset that
was used as not fully representative of the climate conditions
that the grapevines experience locally. As more vineyards
come into production in the coming years in Brittany, a sys-
tematic grapevine monitoring would offer access to greater
spatial and temporal data for validation of the GFV and GSR
models under these regional oceanic climate conditions. Fur-
thermore, a weather station network within the vineyards of
Brittany is under development to study the various cultivar
responses to climate variability and will provide more accu-
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Fig. 9: Percentage of years at Rostrenen station with grape varieties reaching mid-veraison before the 1% of September under RCP 4.5 (in
blue) and RCP 8.5 (in orange) climate change scenario for two-time frames: 2031-2060 (A) and 2061-2100 (B). Similar projections for grape
varieties reaching sugar ripeness (190 g-L* for white cultivars and 200 g-L* for red cultivars) before the 15 of October for 2031-2060 (C)
and 2061-2100 (D). CY stands for ‘Chardonnay’, SB for ‘Sauvignon blanc’, PN for ‘Pinot noir’, C for ‘Chenin’, CF for ‘Cabernet franc’ and CS

for ‘Cabernet-Sauvignon’).
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rate temperature measurements than those used in this pa-
per (Bonnardot et al. 2022).

The spatialization of the GFV and GSR indices using the climat-
ic projections of the CNRM-CM5/RCA4 climatic model across
Brittany for two timelines (2031-2060 and 2071-2100) and
two GHG emission scenarios (RCP 4.5 and RCP 8.5) showed
a general viability for the commercial production of wines for
three white and three red grapevine varieties selected for this
study. However, for the mid-term timeline (2031-2060) under
the climatic conditions of the RCP 4.5 scenario, it may remain
challenging to reach mid-veraison in the north-west of Brit-
tany before the 1% of September. Under the RCP 8.5 scenar-
io and whatever the timelines considered; sugar ripeness is
expected to be achieved before the 15t of October for most
of the studied grapevine varieties. Ripening of ‘Chenin’ and
‘Cabernet-Sauvignon’ remains challenging during the 2031-
2060 period for both GHG scenarios in the far north-west of
the region. Moreover, while the Drias 2020 dataset is already
used to study climate and viticulture in Brittany (Petitjean et
al. 2022), a multi-model study should be further performed
to consider the uncertainties linked to the different GCM/
RCM combinations (Drias 2020). In this study, an 8-km spatial
resolution dataset was used, which is common for studying
climate change impacts at regional scales. Nevertheless, a
finer resolution is required to study the impacts of climate
change at local scales, for example at the scale of a parcel or
a farm (Jones et al., 2004; Quénol, 2014). Some other fac-
tors influence viticulture suitability, including topography,
slopes and aspects, the presence of hedgerows or trees, soil
properties (texture, coarse elements, drainage, soil depth to
bedrock, water-holding capacity), and these were not con-
sidered in this research. Moreover, the actual plot surfaces
under vineyards in Brittany cover 1 to 2 ha per parcel on av-
erage (5 ha for the largest ones), so a spatial resolution of 8
km is not refined enough to identify the best suited locations
for viticulture. Although these other factors are obviously of
importance, it was beyond the scope of this article to take
them into account. This study aimed at assessing viticulture
suitability on the regional scale of Brittany, or for the choice
of grapevine varieties in general over the whole region.

Modelling framework used in this study

It should be noted that the uncertainties can be propagated
throughout the modeling framework. The observed climatic
data used over the historical period are retrieved from weath-
er stations which are not located in vineyards and therefore
may not be representative of thermal conditions at the plot
scale. Climate projections that were used to study the future
climatic conditions represent possible futures according the
GHG emission scenario. Moreover, temperature projections
were coupled to the phenology models GFV and GSR, for
which the errors of predictions are specified in Parker et al.
(2020b).

The regional climate projections used are those originally
produced within the framework of the Euro-CORDEX at a
0.11° resolution (Giorgi, 2006), which were further projected
on a grid of 8-km spatial resolution over France and corrected
for their bias by the CDF-t method (Michelangeli et al., 2009)
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from the analysis of SAFRAN observation data (Drias portal).
These regional datasets are freely accessible and largely used
by the scientific community in regional future climate assess-
ments. The 2014 regional Drias dataset was used in this study
as previously in Bonnardot and Quénol (2020) and Zavlyano-
va (2020).

A possible extension of this work would be to spatialize GFV
and GSR indices based on temperature data produced by
other climatic models to consider the uncertainties linked
to climate models as the EuroCordex experience has shown
differences across models, some warming more and other
warming less (Drias 2020), the one that was used here be-
ing a median model in terms of warming intensity. The study
could further be refined using the up-to-date regional climate
projections dataset “Drias 2020” (Soubeyroux et al., 2020),
which was not available at the time of this analysis or using
the SSP scenarios (Shared Socio-economic Pathways, IPCC,
2021) especially since an updated assessment of past and fu-
ture warming over France based on a regional observational
constraint (Ribes et al., 2022) showed that climate projec-
tions over France are underestimated.

The use of temperature-based models to project
the date of mid-veraison and sugar ripeness

The Winkler index was the first agro-climatic index which
was widely used to characterize thermal conditions for wine-
growing regions (Winkler et al., 1974). Thereafter, the Huglin
index (Huglin, 1978; Huglin and Schneider 1998) was pro-
posed with degree-days calculated in a different way, putting
more weight on maximum temperatures. It can be used for
similar purposes, as is specified in Tonietto and Carbonneau
(2004), but also to assess varietal suitability. Huglin published
threshold values for this index for 26 varieties to reach sug-
ar concentrations of 180-200 g-L!. However, the number of
varieties published by Huglin is limited, a few major varieties
are missing (such as ‘Tempranillo’, ‘Sangiovese’), while some
very minor varieties are present in the list (‘Melon’, ‘Riesling
Italien’, ‘Aramon’, ‘Blaufrankisch’). Moreover, Huglin’s list con-
tains some obvious inconsistencies: temperature threshold is
lower for ‘Cabernet franc’ compared to ‘Merlot’ and ‘Sémil-
lon’, while ‘Cabernet franc’ is without contest the later ripen-
ing variety of the three.

More recent GFV and GSR models can be used for a wider
range of grapevine cultivars (Parker et al. 2013 and 2020a),
and they were proven efficient and accurate at the variety
level (Parker et al. 2020b). Target sugar levels range from 170
to 220 g-L* (Parker et al., 2020a), so that the GSR model can
be applied to assess the suitability of winegrowing areas for
sparkling wine (target sugar level 170 g-L) to dry white wine
(190-200 g-L?) or dry red wine (200-220 g-L'). GFV and GSR
are based on temperature summations with a base tempera-
ture of 0 °C and are easy to implement. In this work, we have
chosen to combine the GFV model for veraison assessment
with the GSR model for sugar ripeness assessment. In the
northern hemisphere, the ripening window for grapevine
closes around the 15 of October (van Leeuwen and Seguin,
2006). Grape ripening, starting at veraison, requires approx-
imately 45 days to be achieved for the production of dry



wines. Hence, the 1 of September was used as a threshold
for mid-veraison to produce dry wines. This threshold was
set at the 15™ of September to produce sparkling wines, for
which grapes are harvested with low sugar and high acidity.
Sugar target levels were set at 170 g-L* for sparkling wine pro-
duction, 190 g-L* for dry white wine production and 200 g-L*
for red wine production, according to Parker et al. (2020a and
b). If the methodology developed in this study is to be applied
in other emerging winegrowing regions, target sugar levels
can be easily adapted to the requirements of expected wines
style. It should be noted that to produce red wine, grapes are
often harvested at sugar levels higher than 200 g-L?, for wines
meant to be aged several years before consumption. A target
sugar concentration level was set in this study at 200 g-L?,
which is adapted to produce fruity red wines for early con-
sumption. It should also be noted that these target concen-
trations are not absolute values, e.g. sugar or must concen-
trate can be added to increase the alcohol content of the pro-
duced wine, blending can be performed with better years, or
lower yields can be targeted to increase grape sugar content.

Climate suitability versus economic suitability

The maps of climate suitability that were produced can be
considered as “optimistic” because an area was considered
suitable when the threshold dates were met on average over
the two thirty-year periods However, the average could have
been skewed by a few high or low values. Inter-annual varia-
bility was not considered in these maps. Obviously, commer-
cial viticulture is not viable when the percentage of unsuita-
ble years is high.

Mapping the percentages of suitable years will be the object
of further investigations, to give insight in the impact of in-
ter-annual variability on commercial viability of viticulture.
However, the occurrence of suitable years was already calcu-
lated for seven locations with the aim to produce dry white
and red wines. This type of output is interesting for investors,
who can decide what percentage of suitable years (e.g. 80 or
90 %) is required to make the plantation of vineyards finan-
cially viable.

Conclusion

The methodology developed in this research, which is based
on the GFV and GSR models, can be applied to any emerg-
ing winegrowing regions in the world. The advantage of GFV
and GSR models is that only daily mean temperatures are re-
quired to calculate projected dates to reach specific pheno-
logical stages or target sugar levels. With the large range of
grapevine varieties calibrated for the GFV and GSR models,
it is possible to extend this study to project the winegrow-
ing potential for new regions with specific varietal choices. It
may also be applied in existing winegrowing regions to adapt
grapevine varieties to a changing climate. This methodology
is very flexible with the ability to adjust thresholds as desired
to specific needs of a specific region or wine style intended
to be produced. Threshold dates that have been used in this
study can be easily adapted to the type of wine targeted in a
specific region, and it is possible to set more severe require-
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ments for the assessment of suitability. Moreover, the use of
percentages of suitable years can be helpful to project the
economical sustainability of winegrowing in a specific region.
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