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Abstract

Viticulture is a vital sector of agriculture and economy exhibiting susceptibility to climate
change, particularly in the Mediterranean regions. The present investigation examines the
climatic suitability for vineyards development in Greece by exploiting geomorphological
and bioclimatic data for the reference climatic period 1970–2000. The data is sourced from
the ERA5-Land dataset and analyzed with R. The objective is to create a specific crop
suitability map based on a simple, transparent model implemented through coding. This
map identifies the climatically suitable areas for grapevine cultivation during the reference
period. Results demonstrate that the model is highly adaptable, as both variable thresholds
and areas of interest can be modified, while incorporating future climate scenarios can
be performed, allowing for dynamic reconfiguration. According to the mapped climatic
suitability, 55.1% of Greece is rated 3.5–4.0, and 12.9% is rated 4.0–4.5. The total suitability
over Greece is calculated with a score of 3.5–4.0 for the 50.9% of total area, and for a score of
4.0–4.5, the covered area is 12.9%. Considering the Corine Land Cover classification as the
reference land cover dataset, the false-negative areas (the model indicates that an area with
vines is not suitable) are only 1.5% of the areas defined as viticultural. By providing clear
and accurate spatial information, the model supports informed decision-making and the
development of adaptation strategies, enhancing, therefore, the resilience and sustainability
of viticulture in the context of climate change.

Keywords: Mediterranean; crop modeling; ERA5-Land; R-language; bioclimate;
spatial analysis

1. Introduction
Climate change represents one of the most critical challenges of our time, as it has

already reshaped, or is in the process of altering, the Earth’s ecosystems. Its extensive
impacts are particularly evident in the agricultural sector [1–4], which underpins global
food production and is a key element of the global economy. Among the most affected
regions is the Mediterranean Basin, recognized as a climate change hotspot, where climatic
variations are expected to be particularly intense and consequential [5–8].

The main effects of climate change on agricultural production include reduced quanti-
tative and qualitative productivity. Increased temperatures and decreased precipitation
have intensified drought, water scarcity, and desertification, leading to lower crop yield
potential [9–11] and to the expansion of agriculture into more climatically favorable areas
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or its contraction, owing to adverse climatic conditions [9–11]. Projections indicate that if
current greenhouse gas emission trends—especially CO2—continue, global temperatures
may rise by 2.5 ◦C to 5.5 ◦C by the year 2100 [10]. This could result in substantial declines
in the yield of major crops, including maize (−20 to −45%), wheat (−5 to −50%), and rice
(−20 to −30%) [12–15].

Among the crops particularly vulnerable to climate change is the grapevine (Vitis
vinifera L.), a species whose cultivation and wine production potential are closely linked to
regional climatic conditions. Climate change influences the phenology of grapevines, such
as a delay in breaking time, reducing the rate of budbreak, and increasing the intensity
of the phenomenon of acrotony, etc. [16,17]. Rising temperatures accelerate the onset of
phenological stages—such as budburst, flowering, and veraison—thus shortening the
overall growing season [18]. Early ripening during hot periods can negatively affect grape
and wine composition, including sugar–acid balance, flavonoid concentration, color, and
aroma profiles. Consequently, wines may exhibit higher alcohol content, lower acidity, and
altered sensory attributes [19,20].

Changes in temperature and precipitation patterns are already affecting the produc-
tion potential and oenological characteristics of grape-growing regions [9,21–23]. Varieties
that have traditionally required cooler climates are experiencing yield declines, whereas
those with higher thermal requirements are adapting more successfully [24]. Furthermore,
climate change is expected to cause spatial shifts in suitable viticultural zones, with tradi-
tional regions progressively moving northward [25–27]. Warmer conditions and reduced
water availability in southern Europe may alter the climatic suitability of established vine-
yards [28]. Conversely, areas previously considered too cold for viticulture, such as parts
of Western and Central Europe, may become increasingly favorable [29]. For instance, in
Austria, the suitable vineyard area is projected to double by 2050 [27,30]. Similar altitudinal
shifts are also anticipated, as vineyards located at higher elevations or with lower solar
exposure are expected to yield grapes with improved oenological characteristics due to
slower ripening [3,19,31,32].

Viticulture has deep historical and cultural roots in Greece and remains a vital compo-
nent of its economy [33–37]. References to grapevine cultivation appear in ancient texts,
where it played an essential role not only in nutrition and economy but also in religious
and social life, such as the Dionysian festivals. Today, viticulture continues to produce
a wide range of products—wine, table grapes, and raisins—each requiring specific cli-
matic conditions to achieve high-quality yields [38–41]. However, Greek vineyards have
already experienced and are projected to continue to face the negative impacts of climate
change, as persistently high year-round temperatures hinder both plant development and
grape quality.

This study aims to analyze and combine key climatic and geomorphological parame-
ters that influence grapevine development and map the related climatic suitability.

For this purpose, climatic indices were employed to understand the relationship be-
tween climate and viticulture. Specifically, parameters and indices related to temperature
such Winkler index (WI), Huglin Index (HI), Cool Night Index (CNI), Mean Growing
Season Temperature (GST), Very Hot Days (VHD), Very Hot Periods (VHP), Very Cold
Days (VCD), Frost Days (FD) and precipitation such as Hydrothermal Coefficient (HTC),
Growing Season Precipitation (GSP) were exploited, providing insights into both the quan-
titative and qualitative aspects of vine development [42–48]. In parallel, by considering the
direct influential role of geomorphological parameters on grapevine growth, four geomor-
phological factors, Solar Radiation Exposure, Slope, Terrain Roughness, Elevation (above
sea level), were also applied, each playing a crucial role in determining vine development,
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the selection of suitable cultivation areas, and ultimately the qualitative characteristics of
the final product [49–51].

Values for each of the aforementioned parameters were identified through a com-
prehensive literature review to define the optimal and limiting thresholds for grapevine
growth. Subsequently, corresponding datasets were retrieved from the ERA5-Land reanaly-
sis database via the Google Earth Engine (GEE) platform (https://code.earthengine.google.
com (accessed on 1 January 2026)). The data were processed and visualized in R, resulting
in a viticultural suitability model that delineates areas in Greece capable of supporting
viticulture under baseline climatic conditions (1970–2000).

The findings underscore the need to assess viticultural suitability, particularly in south-
ern European countries where climatic conditions are projected to become increasingly
unfavorable for traditional grape cultivation. This climatic suitability model represents
the first comprehensive assessment of viticultural suitability across the entire territory of
Greece, integrating an extensive set of indicators that include ten climatic and four geomor-
phological parameters. The analysis was conducted in the R programming environment,
enabling a robust, reproducible modeling framework.

2. Materials and Methods
2.1. Data

The data used in this study can be divided into two main categories: those related to
the terrain’s geomorphology and those concerning the climatic and bioclimatic conditions
in Greece. The information on the above parameters is presented in the following section,
accompanied by the related score tables in the Supplementary Materials. The scores for
each parameter and the weights are based on empirical and field observations from the
relevant bibliography and interviews.

2.1.1. Geomorphological Data

The geomorphological data used to evaluate suitability across various geographical
regions was obtained from a Digital Elevation Model (DEM) with a spatial resolution of
250 m. Subsequently, spatial operations were performed on the geomorphological dataset
to generate maps for the following indicators [50,52].

• Slope

Slope represents a parameter of particular importance for the growth and cultivation of
the grapevine. This geomorphological characteristic plays a decisive role in several aspects,
including (i) soil drainage and erosion processes, (ii) vineyard aeration, and (iii) accessibility
for agricultural machinery [46].

According to the international literature, gentle slopes (1–15◦) are considered the
most suitable for viticulture, as they minimize the risk of soil erosion [53,54]. As slope
steepness increases, the hazards of surface runoff and erosion become more pronounced,
and in the absence of dry-stone terraces, vineyard cultivation becomes significantly more
challenging. It is noteworthy that a slight slope may be beneficial for vine development, as
it facilitates more effective drainage. Finally, in colder climates, steeper slopes contribute to
the protection of the vineyard from low nocturnal temperatures [55].

• Elevation (above sea level)—Altitude

Elevation is another critical parameter in shaping a vineyard’s microclimate, directly
influencing temperature, the duration of the ripening period, and the chemical composition
of the grape (e.g., phenolic compounds) [56]. In Europe, the highest vineyard elevations
are found in Switzerland, in the village of Visperterminen, at 1150 m, and in Greece, in the
region of Metsovo, at 1050 m. Consequently, these two elevations may serve as reference
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points for the upper altitudinal limits at which grapevines can be cultivated within the
European context.

• Terrain roughness

Terrain roughness constitutes an additional geomorphological factor that critically
influences grapevine growth and cultivation. Vineyards tend to develop more favorably
under low roughness conditions, ideally when terrain roughness approaches zero [57–59].

Terrain roughness was calculated from the DEM using the terrain function from the
terra package in R. Specifically, when the “roughness” option is selected, it computes the
difference between the maximum and minimum elevation values of a cell and its eight
surrounding cells, where each pixel has an approximate spatial resolution of 250 m [60].

• Solar radiation exposure—Aspect

Vineyard aspect constitutes an important geomorphological factor, as the vineyard’s
spatial orientation determines the amount of solar radiation absorbed by the plant. Ad-
equate sunlight duration is essential for proper vine development [61]. This condition is
typically achieved in vineyards on south-facing slopes, which receive more solar radiation
and consequently experience higher temperatures. It is noteworthy that the “exposure”
parameter does not limit grapevine cultivation. However, it plays a crucial role in defining
the qualitative characteristics of production, as it largely influences the rate of fruit ripening
and, consequently, its chemical composition [51].

2.1.2. Bioclimatic Data

The bioclimatic data used to assess vineyard suitability across regions were retrieved
from the ERA5-Land database. From this dataset, spatial operations were applied to
compute the following agrometeorological indices and climatic parameters:

• Winkler Index (WI)

The WI represents the cumulative sum of heat units accumulated by grapevine va-
rieties when the mean daily temperature exceeds 10 ◦C during the period from 1 April
to 31 October (for the Northern Hemisphere). It has been widely established that 10 ◦C
constitutes the minimum threshold temperature for grapevine development, commonly
referred to as the base temperature. Therefore, only mean daily temperature values that
exceed this base temperature are summed, while days with mean temperatures below or
equal to 10 ◦C are assigned a value of zero, as they are considered non-contributory to vine
growth [62,63].

The WI expressed in degree-days (◦C) serves as a critical indicator for assessing
the thermal suitability of a region for viticulture. Different index ranges correspond
to distinct viticultural zones, each associated with varying levels of heat accumulation
and, consequently, different grape-growing potentials. Regions classified as Zones I and
II (850–1670 ◦C) represent cooler climates, generally suitable for early-maturing grape
varieties that favor the development of acidity and delicate aromatic profiles. Intermediate
zones (III–IV; 1671–2220 ◦C) provide moderate thermal conditions conducive to balanced
sugar–acid ratios and optimal phenolic ripening. In contrast, Zone V (>2221 ◦C) indicates
warmer environments, often promoting rapid sugar accumulation and higher alcohol
potential but potentially limiting acidity and aromatic complexity. Therefore, the WI is a
valuable tool for delineating viticultural suitability and guiding the selection of appropriate
grape varieties under varying climatic regimes [46,64].

Mathematical equation of the WI:

∑31 Oct
1 Apr

(
Tmax + Tmin

2

)
− 10 (1)
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Tmax: maximum diurnal temperature (in ◦C).
Tmin: minimum diurnal temperature (in ◦C).

• Huglin Index (HI)

The HI is calculated as the cumulative sum of the mean and maximum daily tem-
peratures when the daily temperature exceeds 10 ◦C. The period over which these values
are accumulated extends from 1 April to 30 September. Additionally, the Huglin Index
includes the study area’s latitude as an input parameter [46].

Although this index is primarily used to assess each grapevine variety qualitatively, it
can also be used to determine whether a specific region is suitable for viticulture. Specifi-
cally, areas classified within categories HI+1, HI+2, and HI+3, due to their warmer climates,
can support the ripening of most grape varieties. In contrast, in cooler regions, this potential
is limited to fewer cultivars. It is worth noting that in very warm areas, double harvests
may be possible; however, such conditions can be unsuitable for some varieties due to the
increased risk of over-ripening [65].

Mathematical equation of the HI:

∑30 Sep
1 Apr

(
(T mean − 10)+(T max − 10)

2

)
d (2)

Tmax: maximum diurnal temperature (in ◦C).
Tmean: average diurnal temperature (in ◦C).
d: day length coefficient by latitude.

• Cool Night Index (CNI)

The CNI calculates the mean minimum temperature during the grapevine harvest
month (typically September in the Northern Hemisphere and March in the Southern
Hemisphere) and is reported to be closely associated with grape maturation, grape color,
and aromatic attributes. For this reason, the CNI is used as an indicator for the quantitative
and qualitative assessment of grapes exploited for winemaking [66].

The CNI, based on the mean minimum temperature of September, plays a crucial role
in grape ripening and in shaping the aromatic and phenolic composition of the grapevine,
particularly in the red cultivars. Cooler nocturnal conditions promote the accumulation of
pigments such as anthocyanins, as well as aromatic compounds and organic acids, while
concomitantly slowing down the rapid ripening processes often induced by elevated day-
time temperatures. Consequently, regions characterized by low CNI values are generally
associated with superior wine quality, as these conditions enhance color stability, aromatic
complexity, and acidity balance. This effect is especially significant in warm-climate viticul-
tural areas, where cool nocturnal temperatures mitigate excessive metabolic activity and
preserve the sensory attributes essential to high-quality wine production [67].

Mathematical equation of CNI:

1
30∑

30 Sep
1 Sep Tmin (3)

Tmin: minimum diurnal temperature (in ◦C).

• Hydrothermal Coefficient (HTC)

The HTC integrates the combined effects of precipitation and temperature during the
grapevine growing season. This coefficient provides an indication of whether a vineyard
can access sufficient water amount to support proper grape development [68].

The HTC values ranging between 0.5 and 2.5 mm/◦C are considered favorable for the
development of grapevine varieties. According to the literature, the optimal value of the
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HTC is 1. Values below 0.5 indicate dry or semi-arid conditions that may lead to water
stress, whereas values above 2.5 are associated with excessive humidity, which can increase
the incidence of phytopathological issues or adversely affect grape quality [46].

Mathematical equation of the HTC:

10P
T0

(4)

P: growing season precipitation (April to October) (in mm).
T0: the sum of temperatures when the mean daily temperature >10 ◦C.

• Growing Season Precipitation (GSP)

The GSP refers to the total amount of precipitation recorded during the period
from 1 April to 30 September. The GSP is associated with the level of stress that non-
irrigated grapevines may experience during the growing season due to variations in
rainfall amount, whether resulting from insufficient or excessive precipitation compared to
normal conditions.

Mathematical equation of the GSP:

∑30 Sep
1 Apr Prec (5)

Prec: total amount of precipitation (in mm).

• Mean Growing Season Temperature (GST)

The GST worldwide typically ranges between 13 ◦C and 21 ◦C. Slight deviations near
these limits may still support certain outcomes: at the lower end (approximately 13 ◦C),
hybrids may thrive, while at the upper end (slightly above 21 ◦C), grapes may be destined
for non-bottled wines, table grapes, or raisins [47].

Therefore, optimal mean growing-season temperatures for grapevine cultivation range
from 13 ◦C to 21 ◦C, conditions that favor balanced vegetative growth and fruit ripening.

• Number of Very Hot Days (VHD)

Based on the aforementioned information regarding the optimal mean temperature
range for grapevine growth and development, it is evident that extremely high tempera-
tures constitute a limiting factor for viticulture. Reduced vine performance under such con-
ditions is primarily due to increased thermal stress, which can adversely affect physiological
processes such as photosynthesis, berry development, and metabolite accumulation [48].

Temperatures exceeding 30 ◦C for a few days can benefit grapevines by promoting
fruit ripening. However, prolonged exposure to temperatures above 35 ◦C induces thermal
stress, leading to premature ripening and change in berry coloration (véraison). Such
conditions may also result in berry detachment from the plant and in partial or complete
loss of flavor compounds typically developed during ripening [69].

• Hot days Period (HP)

Another parameter related to high temperatures for grapevine varieties concerns their
continuous exposure to temperatures exceeding 35 ◦C for more than one day (consecutive
days with ≥35 ◦C), or else the HP. Prolonged exposure subjects the plant to sustained
thermal stress, thereby exacerbating the adverse effects on its growth and development. As
a result, more consecutive days with this high temperature lead to a drop in the score [70].

• Number of Very Cold Days (VCD)

Minimum temperatures grapevines can withstand range from −5 ◦C to −20 ◦C,
with certain hybrids demonstrating tolerance to slightly lower temperatures. Prolonged

https://doi.org/10.3390/atmos17020190

https://doi.org/10.3390/atmos17020190


Atmosphere 2026, 17, 190 7 of 29

exposure to such low temperatures can cause severe damage to the plant, including cellular
and, consequently, tissue destruction, as well as overall hydration reduction [63,68].

• Frost Days (FD)

Another crucial factor that adversely affects grapevine growth is the occurrence of frost
(<0 ◦C) during the growing season (from April to October). It has been demonstrated that
temperatures below 0 ◦C during this period can damage buds, reduce fruit set and overall
yield, and, in severe cases, cause irreversible damage to the plant itself. An increased
number of such days is associated with a higher risk of adverse effects on final yield [71].

2.2. Methodology

To ensure proper data acquisition, management, visualization, and modeling, a se-
quence of computational steps took place (Figure 1). For the bioclimatic data, the ERA5-
Land dataset was accessed via the Google Earth Engine (GEE) platform [72] using its
integrated code editor. JavaScript scripts were used to extract all necessary parameters for
the study. ERA5-Land is a climate reanalysis dataset provided by the Copernicus Climate
Change Service of the European Union via ECMWF (European Centre for Medium-Range
Weather Forecasts). It offers a wide range of freely accessible climate variables, spanning a
broad historical period (from 1950 to approximately 5 days before the current date). ERA5-
Land provides high-resolution data on atmospheric parameters. It is a refined version of
the land component of the ERA5 reanalysis, with a spatial resolution of approximately
9 km [73–75].

A key advantage of ERA5-Land over other environmental datasets is its global cov-
erage and consistency, providing homogeneous, gap-free data, unlike traditional station-
based meteorological records, which often suffer from inconsistencies or missing values.
This dataset is widely used in applications related to agrometeorology, bioclimatic research,
water resource management, and ecosystem modeling [74–79].

After downloading the data from the GEE platform, we conducted the spatial transfor-
mation, calculations, and mapping using the R language, an open-source, multi-platform,
and free programming language [80]. It enables rapid, automated data retrieval from
various local sources. It is a general-purpose data analysis language, equipped with spe-
cialized packages for tabular and spatial data analysis and for biometeorological research,
and supports advanced statistical and mathematical operations [81]. One of R’s major
strengths is its ability to produce high-quality visualizations and ensure precise data repre-
sentation. It has significantly contributed to the scientific advancement of biometeorology
by overcoming limitations of traditional research workflows, while enhancing research
reproducibility and automation [82]. The R packages (libraries) we used for the analysis
and the presentation of the results are terra [83], sf [84], and Tidyverse [85].
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Figure 1. Flowchart depicting the data analysis methodology for determining the viticultural suitabil-
ity based on specific geomorphological and climatic parameters.

Based on the above:

1. Maps were initially created for all parameters, with each parameter classified by
a score from 1 to 5. The score value of 1 is assigned to adverse conditions of the
parameter/index in relation to grapevine cultivation, and the score 5 is assigned to the
optimal conditions of this parameter/index. Also, in some parameters (e.g., terrain
roughness, elevation above sea level, etc.), a score of zero (0) may also be assigned,
given that knowledge driven from the present data or the literature indicates that
some values are unsuitable for viticulture. Thus, if the conditions are unsuitable for
grapevine cultivation, the score is 0; otherwise, it ranges from 1 (least suitable) to
5 (most appropriate). In the final map, regions with at least one value of 0 remain
unsuitable, regardless of the scores for the remaining parameters/indexes. The scoring
classification for each parameter/index is presented in the Supplementary Materials.

2. Subsequently, each categorized map was assigned a specific statistical weight ac-
cording to the extent to which each parameter affects grapevine cultivation. This
procedure was carried out because each parameter does not affect grapevine growth
and cultivation to the same extent. Consequently, parameters that have a greater
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impact on grapevine cultivation were given higher statistical weights (e.g., 0.1) com-
pared to those with lower influence (e.g., 0.05; 0.07; 0.03). Through this process, two
final rasters were produced, representing the overall geomorphological and climatic
suitability for grapevine cultivation in the study area for the 1970–2000 time period.
The weights and the scoring are based on bibliographic knowledge, professional
experience, and empirical observations of Greek viticulture. The assigned weights are
presented in Supplementary Materials Table S15.

3. Finally, the geomorphological and climatic score rasters were combined to produce a
final suitability score map. Geomorphology accounts for 30% of the final score, and
climate for the remaining 70% in this version of the model. This ratio is based on
the total number of parameters/indexes used in the coding-based model employed
and on how each statistical weight contributes to it. The final viticulture suitability
score map for Greece ranges from 2 to 4.5 for suitable areas. Cases with at least one
0 score have been removed from the final suitability map as they imply restrictiveness
for viticulture cultivation. Furthermore, an additional map has been developed
illustrating only the areas with high geomorphological and climatic suitability scores
(values 4 to 4.5).

The main methodology has been applied to a recently published study on climatic
suitability for olive cultivation in Greece [86].

3. Results and Discussion
3.1. Classification of Geomorphological Parameters

To construct the final viticultural suitability map, score maps for every parame-
ter/index utilized in this model were developed. First, the digital elevation model (DEM)
was used to generate geomorphological maps based on relative parameters (Elevation,
Slope, Terrain roughness, and Aspect of the vineyard) using R.

The slope and aspect score maps were classified on a scale from 1 to 5, since, in the
study area, the slope and aspect parameters do not correspond to values characterizing
areas unsuitable for grapevine cultivation. On the contrary, elevation and terrain roughness
are two parameters that correspond to areas unsuitable for grapevine cultivation. For this
reason, elevation and terrain roughness have been classified on a scale from 0 to 5.

(i) Slope of the terrain

As illustrated in Figure 2, the regions of Central Macedonia, Western Thrace, Central
continental Greece, Western Peloponnese, as well as parts of the Attica district and Crete,
exhibited the highest suitability for viticulture (suitability score ≥ 4). Conversely, the Pindus
and Rhodope mountain ranges, the foothills of Mount Olympus, the central Peloponnese,
and a few localized areas in Crete were characterized by low suitability scores (1–2). Overall,
despite the substantial geomorphological diversity across Greece, a large proportion of the
national territory presents favorable conditions for grapevine cultivation. In Figure S2, we
show the spatial distribution of the slope in Greek territory, and in Table S2, we present the
score for this parameter.

Optimal elevations typically fall within intermediate ranges between these extremes,
where temperature and humidity conditions are balanced most favorably for grapevine
cultivation and grape quality development. In this model, altitudes above 1500 m were
considered unsuitable for grapevine cultivation (score = 0). These areas are located in the
Pindus and Rhodope mountain ranges, Mount Olympus, the Central and South Pelopon-
nese, and several localized regions of Crete.
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Figure 2. Slope score map for grapevine cultivation in Greece.

(ii) Elevation above sea level-Altitude

According to Figure 3 (Figure S3 presents the altitude of the study area and Table S2
illustrates the scoring of this parameter), the diverse topography provides a wide eleva-
tional range suitable for viticulture, varying from near sea level (10–20 m) in coastal areas of
Central Greece and the Peloponnese region, to the highest vineyards located in the region
of Metsovo at the “Katogi Averoff” winery (950–1050 m). The locations referred to in the
text are shown in Figure S1 of the Supplementary Materials.

(iii) Terrain roughness

As shown in Figure 4 (Figure S4 presents the spatial distribution of roughness in
Greece, and Table S3 shows the parameters’ scoring), terrain roughness in Greece exhibits
substantial spatial variability, with the highest values observed predominantly in moun-
tainous and deeply incised landscapes. These areas, such as the Pindus and Rhodope
mountain ranges, the foothills of Mount Olympus, the central Peloponnese, and several
localized regions in Crete and Epirus, are generally less suitable for grapevine cultivation
(score ≤ 2) or totally unsuitable (suitability score = 0) due to their pronounced topographic
irregularity. In contrast, the remaining regions of the country display terrain roughness val-
ues conducive to viticulture, with the most suitable zones identified in Central Macedonia,
Central continental Greece, and Western Peloponnese (suitability score ≥ 4).

https://doi.org/10.3390/atmos17020190
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Figure 3. Elevation score map for grapevine cultivation in Greece.

Figure 4. Terrain roughness score map for grapevine cultivation in Greece.

(iv) Aspect of the vineyard
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As demonstrated in Figure 5 (Figure S5 presents the aspect of the country and Table S4
illustrates the scoring of this parameter), south-facing vineyards get a higher score (score: 5)
than north-facing vineyards (score: 3). South-facing vineyards are observed throughout the
country, as optimal vineyard aspect values typically fall between the 45–135◦ and 225–270◦

ranges. Conversely, vineyards oriented toward the north, with aspect values ranging from
0 to 45◦ and 315–360◦, receive the lowest suitability scores. All remaining aspect classes for
this parameter are assigned a suitability score of 4.

Figure 5. Aspect score map range for grapevine cultivation in Greece.

3.2. Classification of Climatic/Bioclimatic Parameters and Indices

The ERA5-Land dataset was utilized for the required climatic data. It is noted that
the spatial resolution of the climatic data is lower than that of the geomorphological data
(9 km vs. 250 m). To enable spatial operations, data homogenization was performed,
thereby enhancing the spatial resolution of the climatic data without altering the parameter
values. It is crucial to note that the ERA5-Land spatial data has been resampled without
altering their original values.

(i) Winkler Index (WI)

According to Figure 6 (score Table S5), the WI attains scores ≥ 3 across the majority of
the Greek territory, except for limited areas in the Peloponnese, the Pindus and Rhodope
mountain ranges, and the broader region surrounding Mount Olympus, where scores fall to
≤ 2. In all other areas, the WI indicates more favorable conditions for viticulture. Western
Greece, extensive parts of Macedonia and the Central mainland, the Ionian Islands, and
large areas of Crete exhibit higher suitability levels, with WI scores typically ranging from
4 to 5 (Figure 6b).
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Figure 6. Winkler Index distribution map (a) and score map (b) for the reference period (1970–2000).

The above mapping of the Winkler index clearly shows the impact of altitude and
distance from the shoreline on the thermal conditions affecting the vineyards. It is evident
that the highest score is estimated for the coastal areas of the northern country and the
more continental (with higher altitude) regions in the southern parts of Greece.

(ii) Huglin index (HI)

As shown in Figure 7 (score Table S6), a large part of Greece falls within the HI+3

category, which may result in certain regions being assigned lower ratings than their actual
winemaking potential (e.g., the Nemea vineyard, northeastern Peloponnese) (Figure 7a).
However, in both WI and HI, the high-value categories do not act as limiting factors for vine
development; rather, elevated temperatures accelerate grape ripening and concurrently
alter the chemical profile of the grapes.

Figure 7. Huglin index distribution map (a) and score map (b) for the reference period (1970–2000).

Figure 7b illustrates that scores 2 and 3 could be obtained from areas with either lower
or higher index values than the optimal. Furthermore, as shown in Figure 7b, the majority
of Greece receives low suitability scores (=2) due to elevated temperatures (HI+3 category).
On the contrary, regions situated at higher altitudes, where temperatures are comparatively
lower, achieve higher suitability scores (≥3) as they align more closely with the optimal HI
range. Finally, it should be noted that, according to the HI, viticulture is not feasible in a
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few limited areas located within the Pindus and Rhodope mountain ranges, as well as at
high elevations on Mount Olympus. In these regions, the index demonstrates unsuitable
conditions for grapevine cultivation, resulting in a score of 0.

Taking into account the more synthetic equation of the index, we see the clear impact
of the altitude on the estimation of the high score positions. So, we see that the best
areas for vineyards according to this metric may be in the mountainous areas of Crete, the
Peloponnese, and the rest of Greece’s mainland.

(iii) Hydrothermal coefficient (HTC)

As previously mentioned, the optimal value of the index is 1; therefore, values between
0.9 and 1.1 correspond to the highest score (5) [46]. As the values move farther from the pre-
ferred (optimum) value, the score drops proportionally. It is noted that scores 1 to 3 could
be obtained in areas with either lower or higher HTC values than the optimal value.

As exhibited in Figure 8 (score Table S7), regions primarily in Central Greece and
further north display relatively high values of this index and therefore receive the lowest
suitability scores (=1). Additionally, certain areas in southern Attica, the Cyclades, and
most of Crete have low index values—and correspondingly low suitability scores (=1)—due
to low precipitation combined with elevated temperatures. In contrast, the remaining parts
of the country, extensive areas of the Peloponnese, Central continental Greece, and the
southern portion of Macedonia, exhibit high suitability scores (≥4) (Figure 8b).

Figure 8. Hydrothermal coefficient distribution map (a) and score map (b) for the reference
period (1970–2000).

This index mapping and score reflect the ombrothermal regime of the Greek climate
in relation to the specific cultivation, providing low scores over the extremely hot and cold
areas and/or relatively dry positions.

(iv) Mean growing season temperature (GST)

During the investigated time frame in Greece (1970–2000), the GST ranges from 12 ◦C
to 22 ◦C (Figure 9a, Table S8). As such, GST from 12 ◦C to 13 ◦C was slightly less suitable
for grape cultivation (score: 3) than values from 13 ◦C to 21 ◦C (score: 4–5). Additionally,
temperatures above 21 ◦C exceeded the optimal range and characterized areas receiving a
score of 3.
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Figure 9. Growing season mean temperature distribution map (a) and score map (b) for the reference
period (1970–2000).

As shown in Figure 9b, most of Greece is suitable for grapevine cultivation, as GST
values across most regions fall within the desirable range. Exceptions include certain areas
in northern Greece, where mean temperatures drop below 13 ◦C, as well as regions in
southern Crete, Attica, Evia, and southern Peloponnese, where the GST exceeds 22 ◦C.

(v) Cool night index (CNI)

Figure 10 (score Table S9) demonstrates the distribution and score of the CNI across
Greece. Most coastal areas of mainland Greece, the Aegean islands, and Crete exhibit high
CNI values and consequently receive low suitability scores (≤2). In contrast, central Pelo-
ponnese and, more broadly, the northern part of the country display lower mean minimum
temperatures during September, resulting in higher suitability scores (≥3) (Figure 10b).

Figure 10. Cool night index distribution map (a) and score map (b) for the reference period
(1970–2000).

(vi) Growing season precipitation index (GSP)

In Greece, during the reference period, precipitation ranges from 20 mm to 600 mm
(Figure 11a, score Table S10). The highest scores (4 and 5) are obtained from areas re-
ceiving higher precipitation (North and Central continental Greece). In comparison, the
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lowest scores are distributed across southern and eastern areas with lower precipitation
(Peloponnisos, Aegean islands, and Crete) (Figure 11b).

Figure 11. Growing season precipitation index distribution map (a) and score map (b) for the reference
period (1970–2000).

It is evident from the score mapping of this index that precipitation stress is a factor
influencing viticulture across Greece, because the central and southern part of the country’s
mainland and islands have a very low score, while the highest score is estimated for the
high mountainous areas.

(vii) Hot days (≥35 ◦C) (HD)

To quantify the HD effect, a spatial analysis was conducted to generate a map showing
the average number of days with maximum temperatures exceeding 35 ◦C. The latter
temperature value represents a threshold commonly recognized as the upper limit for the
onset of heat stress in grapevines [87]. This indicator provides valuable insight into the
spatial variability of heat stress risk and its potential implications for grapevine productivity
and quality [88].

Classification results show that HD values ranging from 0 to 6 days (Figure 12a, score
Table S11) receive higher suitability scores (5 and 4) (Figure 12b). These high-scoring areas
are observed across most of the country; however, as the index exceeds 6 days, the score
decreases proportionally. This pattern is observed in regions of the Thessalian plain, the
western part of Central Greece, and the southern Peloponnese (Figure 12).

Mapping this indicator for the climatic period reveals that, aside from central Greece,
most countries scored highly—a crucial result for Mediterranean regions facing more
frequent heat due to climate change.

(viii) Heatwave period (HP)

During the reference period, the distribution map indicates that HP values across
Greece range from 0.5 to 5.5 consecutive days (Figure 13a, score Table S12). Naturally,
prolonged exposure to such elevated temperatures intensifies thermal stress on the vine,
resulting in lower suitability scores. Conversely, as the number of consecutive hot days
decreases, the corresponding suitability scores increase. As shown in Figure 13b, the scoring
distribution closely resembles the HD parameter, with the highest scores (≥4) observed
across most of the country. However, as the number of consecutive days with maximum
temperatures of 35 ◦C increases (≥3 days), the score decreases proportionally. This pattern
is observed primarily in the same regions as those affected by the HD parameter.
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Figure 12. The hot days (>35 ◦C) distribution map (a) and score map (b) for the reference period
(1970–2000).

Figure 13. Heatwave period (>35 ◦C) distribution map (a) and score map (b) for the reference period
(1970–2000).

(ix) Very Cold Days (VCD)

Temperatures below −5 ◦C represent the threshold of cold stress imposed on most
grapevine varieties. As the number of VCDs increases, so does the likelihood of damage
and destruction to temperature-sensitive cultivars.

Figure 14 (score Table S13) displays maps of the distribution of the average number
of days with temperatures below −5 ◦C (VCD) (Figure 14a) and the corresponding scores
(Figure 14b) over Greece for the reference period. It is demonstrated that the VCD of
0 to 10 days corresponds to the highest scores (5 and 4). Furthermore, as the number
of VCDs increases (>10 days), the score decreases proportionally. Across much of the
country, the VCD parameter is below 10 days; therefore, all island regions of Greece, the
Peloponnese, most of Central Mainland Greece, and part of Macedonia have suitability
scores ≥ 4. In contrast, the Pindus and Rhodope mountain ranges, as well as the area
surrounding Mount Olympus, exhibit scores that do not indicate high climatic suitability
for viticulture (scores ≤ 2).
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Figure 14. Average very cold days (<−5 ◦C) distribution map (a) and score map (b) for the reference
period (1970–2000).

As anticipated, most of the country is expected to achieve a high or relatively high
score on this indicator, an outcome of Greece’s Mediterranean climate.

(x) Frost Days (FD)

According to Figure 15 (score Table S14), areas experiencing FD from 0 to 1 (Figure 15a)
receive the maximum score of 5, indicating minimal risk. This range of values is observed
across almost the entire Greek territory, as also illustrated in Figure 15b. As the frequency
increases from 10 to 15 days, the score decreases, reflecting heightened vulnerability. Finally,
areas with 15 to 21 frost days are assigned a score of 0, corresponding to the highest risk of
frost-related damage. The regions with the lowest scores, including values approaching
or equal to 0 (unsuitable for grape cultivation), are primarily located in the country’s
mountainous regions, such as the Pindus and Rhodope mountain ranges.

Figure 15. Average growing season frost days (>0 ◦C) distribution map (a) and score map (b) for the
reference period (1970–2000).

3.3. Total Climatic and Geomorphological Viticultural Suitability

Based on the above ratings of the spatial distribution of grapevine suitability in Greece,
derived from individual geomorphological and climatic maps (weights Table S15), it is
possible to construct a composite map based on the distributions of both geomorphological
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and climatic parameters. For this reason, maps depicting the total geomorphological score
(Figure 16) and the total climatic score (Figure 17) were produced.

Figure 16. Geomorphological viticultural suitability scoring map for the reference period (1970–2000).
Continental sites with no color are the unsuitable areas (zero values).

Figure 17. Climatic viticultural suitability scoring map for the reference period (1970–2000). Conti-
nental sites with no color are the unsuitable areas (zero values).

As we see, a large part of Greece is scored with high values (4–5), while a low score is
calculated across the country’s mountainous areas. The climatic suitability score map indi-
cates the most problematic areas as those with extremely cold and very hot local climates.

Table 1 presents the spatial coverage of each suitability score class resulting from the
combined climatic conditions. We see that almost 68% of the country’s surface has a score
higher than 3.5. The climatologically unsuitable areas (zero values) cover 1.6%, while the
medium-to-low suitability scores cover ~30.4%.
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Table 1. The percentage of Greece’s surface covered by each climatic suitability score.

Climatic Suitability Score Area Covered (%)

0 1.6
1.5–2.0 0.3
2.0–2.5 3.7
2.5–3.0 8.2
3.0–3.5 18.2
3.5–4.0 55.1
4.0–4.5 12.9

The combined final map may provide an overall assessment of the potential viticultural
suitability over the area investigated. The mapping is obtained by summing the individual
scores for each point in the individual maps, based on geomorphological parameters (slope,
elevation, terrain roughness, vineyard aspect) and climatic indicators (temperature and
precipitation indices). Since each index does not influence grapevine cultivation equally,
some are more pivotal than others. For this reason, greater statistical weight was assigned
to the most influential parameters/indicators (Slope, Elevation, WI, GST, VCD, FD), while
parameters considered to have a moderate impact (Terrain roughness, aspect of vineyard,
HI, HTC, CNI, GSP, HD, HP) on vine development were given lower statistical weights.
This approach was implemented to enhance the overall model’s accuracy.

The final map of viticultural suitability in Greece (Figure 18). Areas with at least
one 0 score have not been considered, and in their place, there is no color, since they
are unsuitable for grapevine cultivation. Low scores appear in the Pindus and Rhodope
mountain ranges, in the foothills of the Olympus Mountain, and in the Central Peloponnese.
On the other hand, high scores occur across the western part of the country, in Central
Macedonia, Crete, central continental Greece, and some Aegean islands.

Figure 18. Final viticultural suitability classification map for the reference period (1970–2000).
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3.4. Focused Results and Evaluation of the Model

Figure 19 depicts a map showing only areas with high viticultural suitability (4.0–4.5).
As such, only areas with a score higher than 4 were selected, thus identifying regions
considered ideal for grapevine cultivation. This step was considered appropriate since
it serves as a fundamental criterion for the subsequent analysis and evaluation of the
exploited model’s accuracy. As illustrated in Figure 19, areas exhibiting high viticultural
suitability (score ≥ 4) are predominantly located in Western Greece, the Peloponnese,
Southern Macedonia, and Southern Thrace, with additional suitable zones scattered across
Central Continental Greece, selected regions of Crete, and several islands of the Aegean
Sea (e.g., Santorini, Limnos).

Figure 19. High final viticultural suitability classification map for the reference period (1970–2000).

Figure 20 depicts the mean final viticultural suitability per district to provide a helpful
illustration for policymakers and stakeholders (farmers, agricultural companies, etc.).
The high scores are found in the Ionian islands, the western Peloponnese, Crete, and
Chalkidiki. We note that this is the mean score per district, excluding the non-suitable sites
in each district.

To evaluate the accuracy of our model, we used the Corine Land Cover (CLC)
dataset [89] released in 2018 (time extent 2017–2018), which classifies land cover with
relatively high accuracy. The spatial resolution of the dataset is 100 m, and the minimum
mapping unit is 25 ha for real features and 100 m width for linear features. It is clear that
this dataset underestimates the number of vineyards. Nevertheless, it is the only dataset we
currently have to check our model. So, Figure 21 presents the mean suitability per district,
restricted to sites where the CLC was identified as vine.

Moreover, in Table 2, we present the percentage of the covered area (second row) per
suitability class (first row), and the score coverage only over the CLC vine areas.
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Figure 20. Mean suitability score per district.

Figure 21. Mean suitability score per district over vines according to CLC (gray areas indicate absence
of suitability).

The above results indicate a false-negative rate of 1.5% due to the low resolution of
the initial data. Also, as we see in the following map (Figure 22), the red dots (enlarged to
become visible) indicate the positions where the model gave a zero (0) value, but the CLC
dataset identified a vineyard.
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Table 2. The percentage of total suitability score for Greece and the identified vine areas according
to CLC.

Total Suitability Score Total Greece Area (%) Over CLC Areas (%)

0 16.1 1.5
1.5–2.0 0.0 0.0
2.0–2.5 1.5 0.0
2.5–3.0 5.4 0.7
3.0–3.5 13.2 9.9
3.5–4.0 50.9 68.4
4.0–4.5 12.9 19.5

Figure 22. The positions of the false-negative positions (red).

Considering the position of that false-negative spatial error, we infer that it is due to
assigning zero values in the geomorphological map. In contrast, in those places, there is a
vine. This means we underestimated cultivation’s ability to thrive on rough, anomalous
ground. When establishing a vineyard, other factors such as rootstock, training system,
and pruning must be considered. Thus, we will conduct in situ and remote sensing
investigations to fine-tune the next versions of the model. Taking into account the absence
of assessment datasets, the research team will try to apply NDVI, EVI and GDVI indices to
evaluate the accuracy of this introduced model.

Since there is no such suitability mapping work for Greece, we may compare our
findings with past noteworthy, published articles. In general, collective evidence from the
sources demonstrates that climate change is a shared reality across European viticulture.
However, the magnitude and nature of its impacts exhibit significant regional heterogeneity
when comparing broad European trends to the specific context of Greece [3,10,18,49]. Con-
sistent with observations across France, Italy, Spain, and Germany, the Greek wine-growing
regions have experienced a steady increase in growing-season temperatures and heat accu-
mulation indices, such as the Huglin Index (HI) and Growing Degree-Days (GDD) [3,18,48].
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This research highlights a critical convergence between historical suitability patterns in
Greece and the escalating pressures of climate change. While this study establishes a
baseline in which moderate to high viticultural suitability characterizes approximately
80% of Greek territory, the aforementioned research contextualizes this by detailing the
rapid phenological and qualitative shifts already underway due to global warming.

The study, which relies on indices such as the Winkler Index (WI) and Huglin Index
(HI) to categorize suitability, notes that Zones V (>2221 ◦C) and HI+3 already encompass
much of Greece. Previously published articles [45] provide evidence that these thermal
indices have trended sharply upward; for instance, the Mean Growing Season Temperature
(GST) in Greece increased by an average of 1.3 ◦C between 1981 and 2010. A unique finding
in the Greek context, compared to broad European trends, is the relationship between
maximum (TX) and minimum (TN) temperatures [18]. While earlier data suggested that
minimum temperatures were increasing faster than maximums (+0.8 ◦C), the most recent
decade (2011–2019) suggests a potential turning point, with TX beginning to increase at a
higher rate, particularly during the ripening period [3,44,45].

The suitability map (and the related parameter and index maps) is a tool for policy-
makers and stakeholders to enhance viticultural sustainability. The macroeconomic data
in the sources support this need, revealing that international trade impacts Greek wine
production more than domestic consumption [35]. Given that Greek wine ranks ninth in
Europe for production but has yet to reach its full export potential, the focus must shift
toward branding these heat-tolerant indigenous varieties [35,46]. The sources conclude
that while traditional regions like Santorini or Samos may eventually require mandatory
irrigation or face abandonment, the rebirth of viticulture in cooler, mountainous terroirs
offers a viable path forward for the industry [34,46].

4. Conclusions
• The application of a bioclimatic modeling framework provides valuable insights into

adaptive viticultural practices, offering accurate, spatially explicit projections of future
grape-growing potential under evolving climate conditions.

• The model and its structure are easy to understand for all stakeholders; thus, the
community can update and improve it quickly and effectively.

• The model is expandable, and we will add layers on soil structure and fertility, climatic
risks, and pathogens in the next version. This way, the model may become more
reliable and complete, giving more accurate and reasonable results.

• Overall, climatic and geomorphological suitability for grapevine cultivation is rela-
tively high across most of Greece.

• Excluding areas omitted from the final model due to complete unsuitability (i.e., at
least one parameter scored 0), approximately 80% of the Greek territory exhibits
moderate suitability for hosting and cultivating grapevines (score 2.5–4). In contrast,
the remaining 18% demonstrates high suitability (score ≥ 4).

• The model and the mapping material may be important tools for policymakers, agri-
cultural insurance agencies, wine companies, and investors.

• The model’s accuracy is relatively high, as evidenced by its comparison with a reliable
Corine Land Cover dataset.

As anticipated, the research team will improve the model in future versions and feed
it with future climate change data to assess the potential impact of climate change on Greek
viticulture. Moreover, the following steps include further dissemination of the method and
its results, as well as the creation of an online platform to share the results interactively.
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