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ABSTRACT

In Belgium, vineyards have strongly increased over the last decades. Is it a trendy effect, or is
Belgium becoming an increasingly favourable country for viticulture? A related issue is whether
Belgium is similar to another French region from a climatic point of view. To address these
questions, we use here the regional climate model MAR to provide high-resolution (5 km)
climate information over the territory of Belgium and the north-eastern quarter of France. We
first evaluate MAR outputs from a climate point of view against more than 150 weather stations
and then from a viticulture point of view by computing bioclimatic indices, as well as key
phenological dates and frost risk. The second step consists in comparing the four northernmost
French wine regions (Champagne, Bourgogne, Jura and Alsace) with the Belgian wine region.
MAR simulations are generally consistent with the observation, especially for the dates of the
main phenological stages of the vine. Simulations of a frost risk in spring, heat stress in summer
and Huglin’s heliothermal index show slightly more disagreement, but biases remain moderate.
The Belgium wine region appears to be quite comparable to the Champagne and Jura regions,
despite colder conditions that influence its bioclimatic indices. Under current climate conditions,
the main risk for Belgian vines is frost after bud break.t

PG Wine, Belgium, climate modelling, bioclimatic indices, phenology, hazards, frost risk
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INTRODUCTION

In Europe, grapevines are mainly cultivated around the
Mediterranean basin, as France, Spain and Italy account
for 34 % of the world’s vineyard area in 2020 (OIV, 2021).
However, northern Europe has a long history of premium
wine production, e.g., Mosel and Rheingau in Germany or
Champagne and Burgundy in France. Recently, European
countries that are not historical wine producers have been
exhibiting rapid growth in the area devoted to vineyards
(Jones and Schultz, 2016; Nesbitt et al., 2016). For example,
Belgium has more than doubled the area dedicated to
viticulture between 2011 and 2016, going from 119 ha to
300 ha (OIV, 2021) to reaching 587 ha in 2020, according to
FGOV Economy (2021).

Due to global warming, isotherms shift towards higher
latitudes and altitudes (IPCC, 2021; Nikulin ef al., 2011).
This is also true for Western Europe, where the annual
temperature is projected to increase in a range of +1 °C to
+5 °C depending on the climate models and greenhouse
gas emission scenarios used (IPCC, 2021; RMI, 2020;
Termonia et al., 2018). Such rapid warming implies that new
regions will experience climate conditions more favourable
to viticulture (Fraga et al., 2016; Moriondo et al., 2013).
Hence, while wine production is and will probably be
negatively impacted by global warming in some historical
areas (Fragaetal.,2016; Resco et al.,2016), a collateral effect
of global warming should be that northern European regions
could be able to obtain more profitable wine production, in
line with gains in cultivar diversity and/or modified vineyard
distribution (Morales-Castilla et al., 2020).

The future wine-growing potential of northern temperate
regions like Belgium should theoretically increase under a
changing, increasingly warmer and yet more variable climate
(IPCC, 2021; Seneviratne et al., 2021). Because of such
long-term and ongoing changes, Belgium may have new
grape growing and wine-producing regions. Before assessing
and regionalizing possible evolutions of the climate in
Belgium, climate variables that are relevant for viticulture
should be selected, that is, those that most directly influence
the yields and quality of wines. It is especially important to
address the following two questions: (i) Do the current climate
conditions in Belgium allow the cultivation of grapevines?
(i1) Climatologically, could Belgium be considered a unique
wine region, or does it show similarities with current nearby
wine-growing regions such as Champagne or Bourgogne?

Addressing these questions requires high-resolution climate
information that captures well the specificities of the
terrain (including but restricted to topographic influence
on atmospheric variables). These variables mostly consist
of air temperature and humidity, as well as precipitation,
under current and eventually future climate conditions.
Thus, a regional climate model is needed to obtain spatially
continuous and homogeneous data with a sufficient spatial
resolution compatible with weak but potentially decisive
topography. Despite the expected added value of these
higher-resolution outputs upon coarser global models, the

skill and biases of such a dataset need to be determined with
great care, especially for all parameters (climate variables and
derived indices) relevant to viticulture (Fraga et al., 2016;
Remenyi et al., 2019). Motivated by this issue, the current
study aims at (i) presenting a high-resolution modelling
exercise devoted to these questions, using the so-called
Regional Atmosphere Model (MAR), and (ii) evaluating the
regional model outputs from a viticulture point of view.

The regional model is analysed with respect to observational
data taken from meteorological stations over both current and
renowned wine regions (namely, Champagne and Burgundy,
in north-eastern France) and the targeted region whose
wine-producing potential is to be assessed (namely, the
Belgian territory). The model evaluation focuses first on
the climate variables that influence grapevine and derived
bioclimatic indices (such as the average, minimum, and
maximum temperature during the growing season, the
relative humidity that can influence the diseases of the vine,
the precipitation on an annual scale, the heliothermal index
of Huglin). It also considers hazards, both cold (spring frost)
and hot (extreme temperatures during the summer) days, that
can be detrimental to wine-growing possibilities. Finally, the
MAR model is also evaluated on its ability to reproduce the
dates of the different phenological stages of the vine (i.e., bud
break, flowering, veraison, and maturity). Particular attention
is paid to the phenological stage of maturity and sugar content
to compare each region on its capacity to produce both still
and sparkling wines.

This study is organized as follows. The following section
presents the data, the definitions, and methods used in
this work, including the climate settings of the regions,
the numerical setup of MAR numerical experiments,
and the bioclimatic and phenological indices relevant for
viticulture. The next section is devoted to the presentation
of the meteorological results, with detailed model evaluation
performance compared to the weather stations from a
climate (fundamental) point of view. After this evaluation of
the MAR simulations, we detail a wine-growing (applied)
approach based on model simulations to compare the current
wine-growing regions. Finally, the last section provides a
general conclusion and perspectives.

MATERIALS AND METHODS

1. Observational data and geographical
regions

This study focuses on two distinct but neighbouring
regions, namely Belgium (Figure 1A) and the north-eastern
quarter of France (Figure 1B). The grid points included in
the different viticultural regions are identified by a different
colour in Figure 1. Each wine region is defined in the Vineyard
Geodatabase (Bois et al., 2017) that has been rasterized on the
MAR model grid resolution (about 5 km, see Section “Regional
model and Setup”). Each wine production pixel corresponds to
a location where an area with land cover classified as vineyards
is found within the CORINE Land Cover 2012 database
(CLC2012; (European Environment Agency, 2014)) in France.
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FIGURE 1. Model topography (greyscale in metres), location of the weather stations (red dots) used in this study
and viticultural regions (in coloured pixels; light green: Belgium Wine Region (BWR), dark green: Champagne,
blue: Bourgogne, yellow: Jura, purple: Alsace) on the domain covering Belgium (A) and on the domain covering the
northeast quarter of France (B). The Protected Designation of Origin (PDO) or Geographical Indications (Gl) of each
BWR pixel is identified with dashed orange lines on map A with acronyms. He=Heuvelland; Ha = Hageland and
Haspengouw; VI = Vlaamse landwijn; SM = Cétes de Sambre et Meuse; Cr = Crémant de Wallonie (i.e., sparkling

wine). Toponyms related to rivers and sea are in blue letters. Toponyms relative to the reliefs are in black letters.

For Belgium, vineyards do not cover sufficiently wide areas
to be identified as such within CLC2012 or more recent
versions. Hence, vineyard locations were identified within
the Vineyard Geodatabase in 2016 through online research of
actual wineries in Belgium and identifying nearby vineyards
with Google Earth and Google Street view.

Each French wine region is named by its original name
(i.e., Champagne, Bourgogne, Jura and Alsace). Belgium
vineyards were named as a single wine region by the acronym
BWR (for Belgium Wine Region). The corresponding
Belgium Protected Designation of Origin (PDO) or Protected
Geographical Indication (PGI) of each pixel is presented in
Figure 1A (dark orange dashed lines): PDO Heuvelland,
Hageland, Haspengouw, Crémant de Wallonie and Cotes de
Sambre et Meuse and PGI Vlaamse landwijn.

The observational data used in this study come from two
distinct observation networks of weather stations maintained
by the weather services of Belgium and France. All data for
Belgium come from 27 weather stations from the surface
synoptic observation network (SYNOP) and all data for
France come from 141 weather stations from the Météo
France network, including (but not restricted to) SYNOP
stations. The red dots in Figure 1 indicate each weather station
used in this study, and Table S1 (in supplementary material)
provides more detail on these observational networks. Note
that, in Figure 1, the areas covered by the two domains are
different (with north-eastern France larger than Belgium),
but that the densities of the networks are comparable. The
observational data used are daily mean, minimum and
maximum temperatures, cumulative precipitation and
relative humidity over 21 years (2000-2020). This period
corresponds to the availability of data for the Belgian
stations. Missing or erroneous data range from 0 % to 16 %,

and stations with more than 20 % missing or erroneous data
have been discarded (2 in Belgium and 7 in France).

2. Regional model and Setup

The regional model used in this study is the “Modele
Atmosphérique  Régional” model (hereafter called
“MAR?”) in its version 3.11.4. MAR is a three-dimensional
atmospheric model coupled to a one-dimensional transfer
scheme between the surface, vegetation and atmosphere
(Ridder and Gallée, 1998). Initially, the MAR model
was developed for the polar regions in both Greenland
(Fettweis et al., 2013) and Antarctica (Kittel et al., 2018). It
has also been successfully used for temperate regions such
as Belgium (Fettweis et al., 2017; Doutreloup et al., 2019;
Wyard et al., 2021). A complete description of this model is
available in Kittel (2021).

Lateral boundary conditions are taken from the ERAS
reanalysis (Hersbach et al., 2020) every 6 hours and
at a horizontal resolution of 0.25° (roughly 31 km).
Forcing fields include air temperature, pressure, wind
and specific humidity, as well as sea surface temperature.
The spatial resolution of MAR is Skm over both Belgian
(120 grid points x 90 grid points) and French domains
(120 grid points x 110 grid points) shown in Figure 1. MAR
outputs are archived at the daily timestep over the period
2000-2020. The comparison with observational data is based
on the grid point nearest to each weather station.

3. Climate indices, phenological dates and
statistical methods

In a first step, we focus on a climate-oriented evaluation of
the MAR model against weather station observations. Each
weather variable is extracted from the nearest MAR grid
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point in elevation among the 9 nearest MAR grid points in
the distance compared to the observation station. In a second
step, we calculate regional indices for each of the five current
wine regions to cross-compare them. For each step, three
complementary levels of detail are addressed:

3.1. Annual and seasonal meteorological analysis

The comparison is first performed on an annual mean
temperature and precipitation. A focus is made on the
minimum spring (March to May) temperature and maximum
summer (June to August) temperature, as the vine is sensitive
to these two types of seasonal extremes, causing either frost
or sunburn related damages (Huglin and Schneider, 1998).
The simulations and observations are compared using
two complementary metrics: the mean daily bias and the
normalized root mean square error (RMSE).

3.2. Bioclimatic analysis for grapevine cultivation and
wine production

To characterize the regional climate according to indices
that directly influence the vine, a bioclimatic index inferring
the potentialities for grapevines to produce ripe fruits for
winemaking and two indices approximating the factors
limiting yield are calculated.

The first one is Huglin’s heliothermal index (Huglin, 1978),
developed to estimate the potentialities for a given
location to produce ripe grapes considering grapevine
heat requirements. Huglin’s index has been widely used to
characterize wine-producing regions worldwide (Bois, 2020;
Jones and Schultz, 2016; Tonietto and Carbonneau, 2004).
It is also a potential indicator of the sugar content of grapes
(Navratilova ez al., 2021).

30.09
0 . Tmean'*‘Tmax“ZO)

Huglin index = K Zmax ( ; >

01.04

where 7., is the daily
maximum temperature; both temperatures with a baseline
temperature of 10 °C; K is a parameter dependent on the
latitude (e.g., K=1.02 at 40° and K = 1.06 at 50°). At latitudes
higher than 50° (like Belgium), K is defined by the formula
proposed by Hall and Jones (2010). The Huglin index is
calculated from April 1st to September 30th of each year.
This index is applied to both observations and simulations

for the sake of comparison.

is the daily mean temperature and 7,

nax

The second and third indicators are the atmospheric frost
(T) S 0°Cat2m between March and June, a period hereafter
referred to as “springt”) and intense atmospheric heat
(T, = 35°Cat2mbetween June and September, “summer+”
hereafter) which are two factors that might damage grapevine

tissues hence limiting grape production.

For these two indicators (frost and intense heat) based on
thresholds, we use a contingency table (Table S2) to evaluate
the simulation against the observations. From this Table S2,
many indices can be calculated to evaluate the quality of the
simulations. Below, we use three of them, namely, accuracy
(fraction of correct simulation), probability of detection
(fraction of observed cases that are well simulated) and
success ratio (fraction of simulated events actually observed).

They range from 0 to 1 (a perfect score is 1) and are calculated
as follows:

hits+correctnegatives
total

Accuracy =

hits — hits
hits+misses observedyes

Probability of detection =

hits — hits

Success ratio = —
hits+falsealarms

simulatedyes

The last indicator is the mean cumulative rainfall during the
vegetative and ripening stages, from April to September. This
indicator allows us to evaluate if there is enough precipitation
(>200 mm) to prevent water stress but not too much
(<400 mm) to avoid diseases linked to excessive precipitation,
such as powdery and downy mildews (Bois et al., 2017,
Gadoury et al., 2012; Gessler et al., 2011).

3.3. Phenological analysis

Four main phenological stages are considered “key” stages
for the grapevine: (i) bud break, which corresponds to the
emergence of green tissues (shoots) on the plant, i.e., the
onset of vegetative growth (stage “C” according to the scale
proposed by Baillod and Baggiolini, 1993), (ii) flowering
(or stage “I”), (iii) veraison (stage “M”), when grape berries
change colour and soften, i.e., the onset of grape ripening,
and finally (iv) maturity (stage “N”), when the grapes are
ready to be harvested.

As grapevine phenology is mostly driven by air temperature,
phenological models make it possible to determine the Days
Of the Year (hereafter called “DOY”) when these stages are
reached, depending on weather conditions and vine varieties.
To estimate bud break DOY, we use here the combination
of Smoothed-Utah (a model based on dormancy rise
chilling units; Bonhomme ef al., 2010) and Wang and Engel
(a curvilinear heat units model; Wang and Engel, 1998) that
Morales-Castilla et al. (2020) adapted for many grapevine
cultivars. This model is hereafter referred to as the SUWE
model (for Smooth-Utah Weng and Engel). DOYs for
flowering and veraison were simulated with the GFV model
(Parker et al., 2011).

The last key stage is “maturity”. Ripeness is a concept that
changes according to the type of product. During the ripening
process, sugar accumulates in grapes and acidity levels fall.
Depending on the expected final product, grapes might be
harvested with changing levels of sugar concentration. For
sparkling wines, grapes are harvested with approximately
170 g/L of sugar concentration. For still wine, riper grapes
are sought (typically from 200 to 240 g/L). To estimate
DOYs for a “theoretical maturity” stage, we used the GSR
model (Parker et al., 2020), a linear degree-days model with
a base 0 °C temperature, starting on DOY 91, to simulate
the date at which a sugar concentration of 200 g/L in grapes
is reached (which provides, after fermentation, at wine with
approximately 11.9 % vol. of alcohol).

Here, all indicators are computed with parameters for the
grapevine cultivar Chardonnay. Chardonnay is the main
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cultivated white variety in Burgundy and Champagne and
represents more than 4 % of the total share of cultivated
cultivars worldwide (Anderson and Aryal, 2013). Parameter
values for each model used are shown in Table S3.

A comparison of the obtained dates is made between the
observed and modelled data. For this comparison, two
statistical criteria are used: RMSE and the model efficiency
index (EF), according to Nash and Sutcliffe (1970).

n

Y(si-0)

EF=1-|&—
2.0 -0y

i=1
where O, is the observed value, S, is the simulated value, 0
is the average of observed values, and #n is the number of
observations. EF values range from —oo to 1 and a perfect
score is 1.

Another index directly dependent on the bud break DOY
is considered. While grapevine wintering tissues can resist
cold down to —25 °C (Ferguson et al., 2011), after bud break,
grapevine tissues can no longer tolerate freezing conditions.
Then finally, to further assess the risk of frost damage, we
also compute the percentage of years with at least one frost
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day occurring after the simulated bud break and before late
July due to the very strong sensitivity of grapes to frost events
during this phenological stage.

For clarity, all weather variables or indicators announced
above and the questions they address are summarised in
Table S4.

RESULTS AND DISCUSSIONS

1. Climate-oriented evaluation of MAR
simulations

In this Section, we analyse some meteorological variables or
indicators that directly influence grapevine cultivation. The
main objective is to assess how these variables or indicators
behave spatially, but also to identify the strengths and
weaknesses of the MAR simulations.

1.1. Annual and seasonal meteorological evaluation

The mean annual temperatures (Figure S1) and precipitation
(Figure S2) are strongly dependent on the topography. In
Belgium for the period 2000-2020, mean annual temperatures
range from 12 °C at the coast to 7 °C in the Ardennes,
while precipitation ranges from 600 mm/year at the coast

3.0
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2:2
2.0
1.8
1.6
1.4
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0.8
0.6
0.4
0.2

0.0

2.0°E 4.0°E 6.0°E 8.0°E

FIGURE 2. Mean summer maximum temperature in °C (background map and central colour scale) simulated by
MAR. Mean summer maximum temperature biases (left, in °C) and RMSE (right, in °C) of MAR simulations compared
to weather observations over the Belgian (upper) and French (lower) domains during the period 2000-2020.
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FIGURE 3. Mean spring minimum temperature in °C (background map and central colour scale) simulated by MAR.
Mean spring minimum temperature biases (left, in °C) and RMSE (right, in °C) of MAR simulations compared to
weather observations over the Belgian (upper) and French (lower) domains during the period 2000-2020.

to 1400 mm/year in the same regions, respectively. In the
north-eastern quarter of France, the corresponding mean
temperatures range from 13 °C in the Rhone Valley near
Lyon to 6 °C in the Vosges and Jura mountains. Precipitation
ranges from 550 mm/year in the Champagne region (near
Reims) and in the Rhone valley to 1400—1900 mm/year over
the Vosges and Jura mountains.

Except for some specific stations, the MAR model performs
rather well in simulating these variables. For temperatures,
the comparison between MAR simulations and observation
stations shows a bias between —0.8 °C and 0.8 °C for both
the Belgian and French domains. The RMSE of mean annual
temperature is slightly larger in Belgium (with 1.6 °C) than
in France (1.4 °C). For precipitation, the average daily bias
is between —0.4 mm/day and 0.8 mm/day, giving an average
RMSE of 1.8mm/day. These results are quite comparable to
those obtained over Burgundy by another regional model
for both temperature and precipitation (Boulard ef al., 2016;
Marteau et al., 2015).

These annual values conceal marked differences over the year.
In summer in Belgium, the lowest maximum temperatures
are found along the coast (~15 °C) and in the Ardennes (with
13 °C), while elsewhere, the maximum summer temperature

is around 20 °C (Figure 2). Over the French domain, the
lowest maximum temperature is located on the reliefs of the
Vosges and the Jura (14 °C), but also, to a lesser extent, on
the Langres plateau and the Morvan hills (16 °C). Elsewhere,
itis around 23 °C, and even higher in the south of the domain.
Over both domains, the MAR simulations underestimate the
maximum summer temperature. Except for a few stations
(where they can exceed 3 °C), RMSEs are typically between
1.4 and 1.8 °C (Figure 2), which remain equivalent to the
annual values.

In spring, observed minimum temperatures in Belgium vary
between +5 °C (along the coast) and —1 °C (summits of
the Ardennes), as shown in Figure 3. In France, springtime
conditions are milder in the Sadne valley and on the Parisian
Plateau (+3 °C) and colder on the highest reliefs (<-2 °C). The
statistical indicators for spring minimum temperatures are
more variable than for summer maximum temperatures. In
Belgium, the MAR simulations underestimate the minimum
spring temperatures in 56 % of the stations, while in France,
MAR overestimates it in 66 % of the stations. Corresponding
RMSE:s in both domains (2.3 °C on average) are higher than
the RMSE of the annual mean temperature observed, thereby
indicating a lower skill.
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FIGURE 4. Mean annual Huglin index (background map and lower colour scale in °C.days) for Belgian domain
(upper) and French domain (lower) simulated by MAR model simulations (middle) during the period 2000-2020. The
round points represent the biases (left, in °C.days ) and the RMSE (right, in °C.days) of the Huglin indices between
the MAR simulations and the observations at weather stations.

In summary, the meteorological variables influencing the
vine are primarily driven by the topography and, secondly,
by the distance to the sea (especially for the Belgian domain).
The MAR simulations are generally in good agreement with
observed mean temperature and precipitation. However,
summertime maximum temperatures are underestimated in
both domains and the springtime minimum temperatures
are mainly underestimated in Belgium and overestimated in
France. Similar biases have been reported by previous studies
using other models, like Xu et al. (2012) over Burgundy,
Hamdi et al. (2015) over Belgium or Nikulin ef al. (2011)
with several RCMs over the whole of Europe. Possible
causes involve potential biases inherited from the forcing
GCMs (Xu et al., 2012) or question the representativeness
of the model grid-points against much more complex
and anisotropic surface conditions in the real world
(Nikulin et al., 2011).

1.2. Bioclimatic indices-based evaluation

Figure 4 displays the spatial variability of the Huglin
index. In Belgium, following the spatial distribution of air
temperature, the Huglin index shows higher values between
the coast and the Ardennes, where the values are quite low

(<1300 °C.days). Values exceed 1600 °C.days along the
Meuse valley and even >1700 °C.days in northern Belgium
and the Lille area. In the French domain, the highest values
(>1900 °C.days) are found along the Sadne and Rhone
valleys; the lowest values are in the highlands. For the rest of
the domain, the values are higher than in Belgium and range
from 1600 to 1900 °C.days.

A common characteristic of both domains is that the
simulations underestimate the Huglin index values overall
(mean biases for Belgium is —36 °C.days and —50 °C.days for
France). RMSE values are also comparable between the two
domains, with mean values of 14—15 °C.days. These biases
in the simulated index are largely due to underestimations of
summertime maximum temperature (Figure 2); this period
contributed to most of the accumulation of degree days
integrated into the calculation of the index (Section “Climate
indices, phenological dates and statistical methods”).
This negative bias for the Huglin index has already been
observed over Croatia for many RCM participating in the
EURO-CORDEX modelling exercise (Omazi¢ et al., 2020).
Similar results have been mentioned for Europe using the
COSMO-CLM regional climate (Malheiro et al., 2010).
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As expected, spring+ frost days (shown in Figure 5) are
obviously more frequent in elevated regions. During
spring+, they are more frequent in Belgium than in the
north-eastern quarter of France, thereby depicting the mean
zonal gradient. Except for a few erratic stations, the three
metrics used to compare simulations and observations show
quite high values in both Belgium and France. The percentage
of accurate simulations there is 91 % and 94 %, respectively.
The percentage of observed frost days compared to simulated
ones is 59 % for Belgium and 70 % for France. Finally, the
percentage of simulated frost days compared to observed
events are, respectively, 61 % and 77 %. These percentages
indicate that MAR simulates frost days correctly in ~60 % of
the cases in Belgium and that it simulates them even better
for the French domain in more than 70 % of the cases.

Symmetrically, hot days (Figure 6) are more frequent in the
French domain than in Belgium. In Belgium, the coast and
the Ardennes rarely experience hot days so far. The rest of
the country experiences between 0.5 and a little more than
1 hot day per year. Similar proportions are found in the north of
France, but elsewhere hot days are much more frequent (more
than 2 up to a maximum of 7 hot days per year, depending on
the region). MAR simulations produce a number of hot days
equivalent to those found by (Fischer and Schér, 2010).

The skill of MAR simulations is sensibly weaker than for
frost days. The proportion of observed hot days that were
well-simulated drops to 36 % for Belgium and 30 % for
France. The fraction of simulated hot days currently observed
is 60 % (Belgium) and 79 % (France). The percentage of
good simulations (99 % for both domains) is less meaningful
here due to the few cases available over the period. The
skill is better for large-scale events (fraction of simulated
currently observed), probably because they are at least partly
forced laterally along the domain boundaries of the model,
while finer-scale events (fraction of observed events well
simulated) show a larger stochastic component.

Finally, the mean cumulative precipitation during the active
vegetation stages (i.e., April through September) is shown
in Figure S3. Both biases and RMSE of these rainfall totals
are quite low for both domains, denoting a good estimation
of precipitation: the Belgian domain has a mean bias of
-0.05 mm/day and an RMSE of 2.5 mm, while the French
domain has a mean bias of -0.09mm/day and a mean RMSE
of 2.3 mm.

1.3. Phenological /theoretical maturity evaluation

The central colour (green) of Figure 7 shows regions with a
theoretical maturity of the Chardonnay cultivar (with 200 g/L
of sugar concentration) that occurs between September 10th
(DOY > 255) and October 20th (DOY < 295) of each year.
This allows for the delineation of the areas favourable
to this cultivar. DOY values below 255 (pink colour in
Figure 7) indicate an early theoretical maturity, which does
not discard grapevine cultivation, but might be challenging,
specifically in a context of a warming climate, because the
ripening process might lead to very high alcohol and low
acidity (Jones et al., 2005; van Leeuwen and Darriet, 2016;

Madelin ef al., 2010). By contrast, DOY values above 295
(purple colour in Figure 7) denote a late theoretical maturity,
indicating, therefore, that the grape is not mature enough to
be harvested in time.

Figure 7 shows that, based on maturation criteria, cultivation
of Chardonnay is theoretically possible everywhere in
Belgium, except over the main reliefs. Concerning the
French domain, the theoretical maturity is also optimal over
most of the territory, apart from the relief. In the Rhone and
Sadne valleys, theoretical maturity for this variety is too
early (before September 10th).

Except for a few scattered weather stations, the performance
of the MAR model to determine the DOY of the theoretical
maturity for still wines (as evaluated by the efficiency) is 0.74
over the Belgian domain (except for the high reliefs) and is 0.66
for the French domain, indicative of good efficiency (Table S5).
Similar performance has been obtained using the GSR model
for Bordeaux red grapes varieties (Bois et al., 2018). The mean
RMSE of theoretical maturity is 4.62 for Belgium and 4.77
for France (Table S6), also suggesting a good fit of the MAR
model compared to weather observation.

The other phenological stages of the cultivar Chardonnay
even show better EF values for flowering and veraison stages
but lower ones for bud break (Table S5). Corresponding
RMSE is also better for flowering and veraison stages
but higher for the bud break stage in the Belgium domain
(Table S6).

As shown in Table S7, the mean biases for each phenological
stage are positive for the Belgian domain and do not exceed
+4.4 days (bud break stage), except for the maturity, which
has a negative bias of —0.2 days. In the French domain, the
biases are positive and below +2.8 days (bud break stage),
except for maturity, which has a negative bias of —2.5 days.
Hence, both the Belgian and French domains show similar
biases, which are higher for the bud break and lower for the
other stages.

Overall, MAR simulates phenological stages with rather a
good accuracy (0.40 < EF <0.79, 2.39 < RMSE < 5.50 and
—2.50 < Bias < 4.40). However, the bud break phenological
stage is almost systematically associated with the poorest
scores. This is probably because the method used to determine
this stage accumulates a much larger number of days before
reaching the stage threshold than the other stages. Thus, the
bud break stage has a much larger cumulative error which is
reflected in the results but which remains comparable to the
values found in other studies (Bois et al., 2018).

2, Climatic and bioclimatic indices spatial
comparison

In this section, we calculate these indicators specifically for
each wine region defined in Figure 1. The data of all grid
points of a given wine region are averaged to obtain a regional
index, allowing them to cross-compare these regions. In this
section, only the values obtained by the MAR simulations are
used as there are too few weather stations to be representative
of these regions.
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FIGURE 7. The background map and middle colour scales show the Day Of the Year (DOY) of the theoretical
maturity for still wines (200 g/L of sugar concentration) of the cultivar Chardonnay for the Belgian domain (upper)
and French domain (lower) simulated by MAR simulations during the period 2000-2020. The round points represent
the model efficiency index (right, no unit) and RMSE (left, in DOY) for each stage with respect to the observations at

weather stations.

2.1. Annual and seasonal comparison

Table 1 shows a comparison of some meteorological
variables averaged over the five regions currently planted
with grapevines. The Belgium Wine Region (BWR) generally
shows colder mean annual and seasonal temperatures than all
French regions. However, BWR is equivalent to Champagne
and almost to Jura for the mean annual maximum temperature
and equivalent to the Jura for the mean summer maximum
temperature. It should also be noted that the BWR has more
abundant annual rainfall than Champagne, Bourgogne and
Alsace but largely less mean annual rainfall than the Jura.

However, comparing the differences between the wine regions
with the magnitude of the biases and RMSE of the MAR
model (shown to be of weak to moderate magnitudes: see
Section “Climate-oriented evaluation of MAR simulations™)
leads us to conclude that the annual and seasonal temperature
of BWR cannot be considered as significantly different from
those of the French viticultural regions. This result holds

for precipitation, with annual biases and RMSEs larger than
the differences between BWR and the French wine regions
(except for the very wet Jura wine region).

2.2. Bioclimatic indices-based comparison

According to Huglin’s heliothermal index, BWR shows
the lowest value among the wine regions considered
(Table 2). The Huglin indices for other regions exceed
1650, giving an extra 150 degrees.days compared to
BWR (barely exceeding 1500). According to Tonietto and
Carbonneau (2004) classification, bioclimatic conditions
are “cool” (>1500 and <1800 °C.days) for BWR, Jura and
Champagne, and temperate (>1800 and <2100 °C.days) for
Bourgogne and Alsace. Even when considering the biases and
RMSEs discussed in Section “Climate-oriented evaluation of
MAR simulations”, the BWR remains the region with the
lowest Huglin’s index value, although falling in the same
class as Champagne and Jura in the Tonietto and Carbonneau
(2004) viticultural climate classification.
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TABLE 1. Comparison of the 2000-2020 average meteorological values (mean annual precipitation, mean annual
temperature, mean annual/summer maximum temperature, mean annual/spring temperature) simulated by MAR
model forced by ERA5 reanalysis for the five regions currently planted with grapevines.

Mean annual

precipitation Mean annual

temperature (°C)

Mean annual
maximum maximum minimum minimum

Mean summer Mean annual Mean spring

(mm/year) temperature (°C) temperature (°C) temperature (°C) temperature (°C)
Bourgogne 766 11.6 15.5 21.9 7.7 2.6
Champagne 727 11.8 14.8 20.9 7.2 1.8
Jura 1339 10.9 14.7 20.1 7.0 2.3
Alsace 614 11.4 15.6 21.9 7.0 1.9
Belgium Wine Region 827 10.2 14.8 20.0 6.3 1.3

TABLE 2. Comparison of the 2000-2020 average viticultural values: Huglin index, mean spring temperature,
mean spring+ frost day (T, < O °C), mean summer+ temperature, mean summer+ hot day (T, = 35 °C) and mean
cumulative precipitation between April and September simulated by MAR model forced by ERAS reanalysis and
averaged over the five regions currently planted with grapevines.

Mean cumulative

Huglin’ Mean spring Mean spring+ Mean summer+ Mean summer+ S
uglin’s precipitation
) ; temperature frost day temperature hot day :
heliothermal index (in °C) (in day) (in °C) (in day) between April to
: in day; ! in day, September (in mm)
Bourgogne 1865 6.1 9.0 17.5 1.3 229
Champagne 1695 5.6 11.5 16.6 0.6 244
Jura 1678 53 1.3 16.2 0.8 415
Alsace 1914 6.0 12.8 17.5 1.7 235
Belgium Wine Region 1511 4.9 15.8 15.5 0.4 258

Table 2 also shows that the BWR experiences the lowest
mean spring temperature (4.9 °C) and the highest average
number of frost days (15.8 days), while the French wine
regions are warmer and range from 5.3 °C (for Jura) to 6.1 °C
(for Bourgogne) and from 9 frost days (for Bourgogne) to
12.8 frost days (for Alsace). The differences between the
minimum spring temperatures of all wine regions are smaller
than the average RMSE obtained in Belgium and France.
This leads us to conclude that the mean spring temperature of
BWR cannot be considered significantly different from those
of the French viticultural regions. Concerning the number
of frost days, the Section “Climate-oriented evaluation of
MAR simulations” indicates that the accuracy of the MAR
model on this variable is higher than 90 % for both domains.
Therefore, even with a 10 % inaccuracy, BWR remains the
region with the highest number of frost days in spring+.

The BWR also experiences the coolest conditions: 15.5 °C
for the summer+ mean temperature and 0.4 mean summer hot
days, while the French regions range from 16.2 °C for Jura
to 17.5 °C for Bourgogne and Alsace and from 0.6 hot days
for Champagne to 1.7 hot days for Alsace. When comparing
these values to the errors obtained in Section “Climate-
oriented evaluation of MAR simulations”, it can be seen
that the differences between BWR, Jura and Champagne are
smaller than the RMSE of the mean summer+ temperature.
However, the mean summer+ temperatures for Bourgogne
and Alsace are significantly warmer than the three other

viticultural regions. Concerning the hot days, the comparison
between regions and also between MAR and observations is
less robust due to the relative rareness of these events, raising
thereby the question of the sample sizes. Nevertheless, BWR,
Jura and Champagne seem to show quite similar values
compared to the other two regions.

Finally, Table 2 shows that the BWR region shows mean
April to September precipitation amounts slightly larger
(258 mm) than Bourgogne (229 mm), Alsace (235 mm) and
Champagne (244 mm) but more than 150 mm lower than the
Jura (415 mm). Concerning the biases and RMSE, the BWR
experiences April to September precipitation equivalent to
Alsace, Champagne and Bourgogne, and these four regions
are all drier than the Jura region. These results are coherent
with a worldwide analysis of average precipitation for the
early 21st century that indicates that April to September
precipitation typically reaches 230 mm for Southern Europe
against 426 mm for Northern European wine-producing
regions (Bois, 2019).

To sum up, the BWR region exhibits the lowest mean value
of Huglin’s heliothermal index compared to the 4 French
viticultural regions. BWR also experiences more spring+
frost days and colder mean summer+ temperature. The inter-
comparison of the number of hot days is more uncertain. BWR
has a mean spring + temperature equivalent to Champagne
and Jura and April to September precipitation amounts
similar to those of Champagne, Alsace and Bourgogne.
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2.3. Phenological comparison

BWR is the region where the DOY of each phenological stage
occurs latest: when compared to other regions, this leads to
a shift of +5 to +8 days for bud break, +5 to +11 days for
flowering, +10 to +19 days for veraison and +14 to +27 days
for maturity (Table 3). Even when considering the model
errors (Tables S5, S6 and S7), BWR shows a significant delay
since the calculation of these DOY is based on cumulative
temperature, which is lower in BWR than in the other regions
of France. In practice, these DOYs correspond well to the
dates observed in the field (e.g., mean harvest date at DOY
255 in the Beaune area in 2000-2018: Labbé¢ et al. (2019)),
specifically for the maturity stage where the DOY's simulated
by MAR seem close to the observations.

Table 3 further indicates that, under current climate
conditions, all the wine regions studied here reach grape
maturity before October 31st of each year. Hence, the risk of
not reaching maturity with the Chardonnay cultivar is null.

Finally, the percentage of years with frost occurring after
bud break (Table 3) clearly shows non-negligible differences
between BWR and other viticultural regions. Frost risk there
would be about (or more than) twice that recorded in French
regions, except Jura, a difference that is much larger than
modelling errors. Thus, BWR is a more risky region regarding
frost after bud break. Nevertheless, it is worth noting that
the minimum spring temperature is mainly underestimated
over the Belgium domain, suggesting that the number of frost
days could be overestimated.

Hence, the BWR can be considered a later wine region than the
four regions of the French domain. Although later by almost
a month than Alsace, for example, the theoretical maturity
(200 g/L) of Chardonnay simulated in Belgium occurs before
October 31st during the whole study period. Therefore, BWR
has no risk of not being harvested. However, the risk of frost
after bud break is 14 % to 29 % higher in BWR than in other
French regions.

3. Wine potential of Belgium

Historically, even taking into consideration the advantage
of longer days during summer at high latitudes, agronomists
considered that grape production would be very limited over

a limit roughly defined in Europe as around 50°N (Huglin
and Schneider, 1998). The very fact that the day length “k”
factor in Huglin’s Heliothermal index was parameterized
for latitudes equal to or below 50°N. Huglin and
Schneider (1998) show that wine grape cultivation was not
seriously considered elsewhere before the 21st century. Yet,
using the updated version of “k” as proposed by Hall and
Jones (2010), Huglin’s index reaches values over 1500 °C.
days for most of the Belgium territory (Figure 4). This index
classifies Belgium vineyards as “very cool”, for which very
early varieties are adapted. Regions for still and late harvest
wine production, such as Geisenheim in Germany (49,99 °N
where Johannisberg winery producing wine since the 8th
century)or Vaudregioncloseto Genevain Switzerland (latitude
46.37 °N) or sparkling white wines such as Champagne
was classified in this group when considering 1961-1990
climate conditions (Tonietto and Carbonneau, 2004).
Within Belgium, the Hageland (Brabant province) and
Haspeng (Limburg province, “Ha” on Figure 1A) exhibit
higher Huglin index values (Figure 4), in comparison to
Cotes de Sambre et Meuse and Crémant de Wallonie
(SM and Cr on Figure 1A), the coolest wine DPOs of
Belgium. Intermediate values of the Huglin index are found
in Vlaamse landwijn (“VI” in Figure 1A).

Theoretical maturity for Chardonnay is considered to be
reached on October 10th on average, 16 days later than in
Champagne and 14 days later than in Jura (Table 3). In such
conditions, earlier grapevine cultivars such as Sauvignon blanc
(Mclntyre et al., 1982; Parker et al., 2020) and/or sparkling
wine (which require a lesser level of sugar content in grapes
to be produced) could be preferred to avoid the risk of picking
insufficiently ripe grapes for still wine production.

Spring frost appears as a major, if not the main challenge,
for grapevine cultivation in Belgium (Table 3).
Grapevine locations require sites on slopes where cold
air accumulation is nil. Grapevine varieties providing
late bud break should also be considered. Within early
varieties, Sauvignon or Chasselas, two early varieties
(Mclntyre et al., 1982; Parker et al., 2020) with intermediate
varieties (Garcia de Cortazar-Atauri et al.,, 2009;
Mclntyre et al., 1982) could be more adapted
than  Chardonnay, which bud break is earlier.

TABLE 3. Comparison of the 2000-2020 average DOY of the phenological stages (Bud break, Flowering, Veraison,
theoretical maturity) of the percentage of years with theoretical maturity of Chardonnay (200 g/L) reached before
Oct. 30th and the percentage of the year with frost day after bud break simulated by MAR model forced by ERA5S
reanalysis and averaged over the five regions currently planted with grapevines.

% of years with  Percentage of year

suftrok0OY RS veomnpoy TSy el i oy
before Oct. 31th (in %)
Bourgogne 104 162 227 256 100 24
Champagne 106 166 234 266 100 24
Jura 107 168 236 268 100 35
Alsace 106 163 227 255 100 20
Belgium Wine Region 112 173 246 282 100 49
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Spring frost risks are highest in the easternmost parts of
the country, where grapevines are little or not cultivated
(Figure 5). By comparison, Hageland, Haspengouw and
Cotes de Sambre et Meuse (Meuse valley more specifically)
exhibit lower spring frost risk.

Extreme heat is not currently a risk for wine grape cultivation
in Belgium. Together with limited temperature and sufficient
precipitation during the growing season (Table 2), a little risk
for heat and water stress is expected in Belgium vineyards.
Precipitation during the growing season is sufficient yet
not in excess, so that grapevine development should not be
limited by rainfall. The western part of the country, together
with Hageland and Haspengouw, exhibits lower precipitation
amounts during the growing season than the eastern and
southern parts of the country (Figure S3). The southernmost
part of Crémant de Wallonie PDO is probably the most
exposed region to grapevine spring diseases such as powdery
and downy mildews, as rainfall and humidity are key variables
of these diseases (Bois et al., 2017; Gadoury et al., 2012;
Gessler et al., 2011).

CONCLUSIONS AND PERSPECTIVES

As the number of vineyards in Belgium has increased strongly
over the last decade, we investigate here whether Belgium
does have favourable climatic conditions for viticulture and
what kind of climatic risks are currently present. Another
question is whether Belgium shows similarities, from a
climate point of view, with current wine-growing regions like
the northernmost French regions. To address these questions,
we use a regional climate model covering both the territory of
Belgium and the eastern quarter of France to include the four
wine regions of Champagne, Bourgogne, Jura and Alsace.
The first analysis consists in evaluating the performance of the
MAR concerning weather variables, bioclimatic indices and
key dates of phenological stages against two observational
networks regrouping more than 150 weather stations. In a
second step, a more detailed comparison between the Belgian
wine region and the aforementioned wine-growing regions is
performed.

MAR simulations generally appear consistent with the
observed data. However, they generally underestimate
the maximum summer temperature over both domains,
underestimate the minimum spring temperature over the
Belgian domain, and overestimate the minimum spring
temperature over the French domain. This bias leads to
an underestimation of the Huglin index for both domains
and an overestimation of the number of frost days after
bud break in Belgium. However, the MAR model shows
good performance in simulating the dates of the different
phenological stages with respect to both the weather stations
and the actual harvest dates in the field.

Although its precipitation amounts are comparable to
the other regions, the Belgium wine region is clearly
cooler according to both Huglin’s index and spring frost
occurrences. Nonetheless, when considering the biases of
the MAR model, Belgium appears comparable to the four

French regions concerning the mean spring temperature
and it is comparable to Champagne and Jura concerning
the mean summer temperatures. It seems to show a similar
number of hot days, but the rareness of such events questions
the robustness of this indicator. The simulation of the dates
of the key phenological stages for the Chardonnay cultivar
presents an excellent performance and are very close to the
dates observed in the field. However, as the risk of frost after
bud break remains much higher in Belgium, other cultivars
could be considered to have a later bud break to avoid this
spring frost.

The general conclusion of this work is, therefore, that the
Belgian wine region meets climatic and bioclimatic criteria
for the cultivation of grapevines. However, attention should
be paid to frost days after bud break, which can be considered
the biggest risk for wine production under present-day
climate conditions.

A first perspective could be to analyse the sizable local
differences that can be found, at terrain scales, according to
the different topoclimates (Bonnefoy et al. (2013)). Here,
we established that the Huglin index varies between 1500
and 1700 depending on the Belgian geographical regions. In
future work, it is now needed to carry out a more detailed
study in Belgium to assess the space and time variability of
these key conditions that drive the phenology of the vines.

The focus could also be given to the potential ways to
improve the reliability of the modelling chain through
bias reduction. The present work does not propose to post-
correct model outputs. The reasons are that, for this pilot
study, we preferred to present results directly derived from
a physics-based model. Besides, we have currently no
reference observational dataset suited for the Belgium Wine
Region. Current weather station networks are not optimal
for assessing the climate diversity of the potential Belgian
terroirs in line with their contrasted topography, vegetation,
and soil features. Moreover, as the final goal of this study
is to analyse the future climate evolution, post-correcting
current model outputs would lead implicitly to assume
that the biases are time-consistent, a hypothesis difficult to
verify under a changing climate. Nevertheless, and in spite
of these limitations, future work could attempt to use uni-
or multivariate correction algorithms to facilitate the use
of threshold-based indices, strongly sensitive to systematic
model biases. This is especially critical for temperature
or precipitation thresholds, two variables showing non-
negligible errors and yet conveying key information for wine
growing.

Another focus could be on the propagation of errors within
the different atmospheric and phenological models used in
this paper. Indeed, the errors produced by the different models
used can add up and compensate for each other. It would
therefore be interesting to reconstruct their pathways through
three axes. The first one concerns the evaluation of errors
between atmospheric models and atmospheric observations.
The second is the evaluation of the errors between
phenological models forced by atmospheric observations and
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by atmospheric model simulations. A third evaluation could
be conducted between the results of phenological models
and what is actually observed in the field. This succession
of control and evaluation of errors will allow us to determine
the mode of propagation of errors between the different
stages of this study.

Finally, another important issue concerns the long-term
evolutions of these conditions and the potentialities for
winemaking under ongoing climate change. Although it
will have dramatic and prejudicial consequences for many
regions (including Belgium, as illustrated notably by heat
wave repetition (RMI, 2020) or the devastating floods that
occurred during the summer of 2021 (Kreienkamp ez al., 2021)),
climate change could probably open up new viticultural
opportunities in cold regions, like Belgium (Jones and
Schultz, 2016). Despite the projected warming trend, frost
risk may not necessarily disappear or even significantly
decrease, depending on local geographical and topographical
conditions (Sgubin et al., 2018). To address these questions,
we now plan to use the approach presented here (consisting
of MAR simulations and climate-oriented and viticulture-
oriented model output analyses) to downscale climate
change projections from the Coupled Model Intercomparison
Project phase 6 (CMIP6; Eyring et al., 2016). This work is
mandatory to assess the long-term changing conditions and
climate hazards that northern European vineyards (including
Belgium) will undergo.
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