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Abstract: Viticulture is a sector very sensitive to climate change. Observed and expected changes in
temperature and precipitation can change the conditions necessary for viticulture in a particular area
or make these conditions totally unsuitable for viticulture. Precipitation (water availability) and air
temperature are the key meteorological parameters regulating the quality of grapes and wine. We
used an ensemble of model data from the CMIP6 project to evaluate all possible changes in water
availability in the area around Sevastopol by the middle and the end of the 21st century for two
Shared Socioeconomic Pathway scenarios (SSP2-4.5 and SSP5-8.5). The hydrothermal coefficient and
dryness index have been used to evaluate the water availability. The results have shown that, based
on the indices values, viticulture in the study region will be possible without irrigation, but, at the
same time, the vines may experience a certain level of dryness.
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1. Introduction

Air temperature and precipitation are the key meteorological parameters impacting
on the growth of grapes (Vitis Vinifera L.). There have been multiple studies conducted in
various wine-producing regions on the effect of thermal conditions on vine development,
grape ripening, and, as a consequence, the quality of wine (for instance, [1-7]). However,
there are a smaller number of studies dedicated to the effect of precipitation on viticulture
and an even smaller number of studies evaluating parameters of precipitation (i.e., fre-
quency, duration) on grape phenology [8,9]. The necessity in precipitation and its amount
is different based on the season and the stage of development of a grapevine. Precipitation
greatly impacts the soil water balance, regulating the availability of water for plants [10].
Seguin first showed the effect of water availability on vine development and wine quality
in the 1960s [11,12]. Precipitation is needed during the winter and spring for the soil
to accumulate water [13] and at the beginning of vegetation so that the flowers can de-
velop [14]. On the contrary, dry atmospheric conditions are needed during the bloom and
ripening of grape berries [15]. High water availability may increase the yield but decrease
the sugar content in grape berries [16]. Excessive raining may cause fungal infections and
halt pollination [17], as well as delay harvesting [18]. Carlo et al. [8], using the example
of one grape variety (raw material for premium wines) from vineyards in central Italy,
showed a positive correlation between an earlier harvest time and intense rainfall. At the
same time, a severe water deficit may disrupt the ripening process, thereby decreasing the
quality of wine [14,19,20]. Drought and thermal stress heavily influence the physiological
and biochemical features (leaf stomatal conductance and photosynthetic rates) of some
varieties of grapes [21]. However, moderate water stress is advantageous in the production
of red wine: reduces shoot growth, reduces grape size, and as a consequence the amount of
phenol compounds in grape skin increases [22-25]; as for white wines, this can negatively
affect not only yields, but also quality [23]. An experiment on the influence of a water
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deficit on the Cabernet Sauvignon variety showed a decrease in the number of bunches
on the vine in the period from budding to ripening, and in the period between ripening
and harvesting, it increased the acidity of the wine [26]. Research in the Bordeaux area and
later in southern Cétes du Rhone (France) has shown that the potential for high quality
red grapes is associated with environmental stress, such as limited water availability or
moderate nitrogen deficiency [27,28].

Global warming has led to the shift of climate zones, the extension of areas with a dry
climate [29] and an increase in extreme weather events related to precipitation [30]. Global
models demonstrate that this increase will continue in the future [30]. During summer
months, there is a decline in precipitation in European Russia (except the northern regions)
and a substantial decline in southern regions [31]. According to the IPCC, the change in
precipitation—in case warming persists—will not be homogeneous [30]. According to
the RCP8.5 scenario, mean precipitation is likely to decrease in many midlatitude arid
regions and in the subtropics, while in many humid midlatitude regions it is likely to
increase by the end of this century. Still, the amount of precipitation in Russia will be
increasing throughout the 21st century, especially in winter. By the middle of the 21st
century, the smallest (on average for the ensemble of models) changes in the amount of
summer precipitation are observed in the south of European Russia where there is even a
tendency towards their decrease [31].

Precipitation trends in Europe are different. In wine-growing regions of central Italy,
an increase in total precipitation and the number of rainy days was observed between 1995
and 2015 [32,33]. A decrease in precipitation between 1998 and 2018 was observed in the
south of Romania [34]. According to the results of projections by regional climate models
within the framework of the EURO-CORDEX project, the RCP8.5 scenario projected a
decrease in annual precipitation in the Mediterranean and southern Europe by the middle
of the 21st century. The biggest decrease is observed in the south of Italy, in the Balkans,
and in central and southern Spain. In the meantime, central and northern Europe will
suffer from increased precipitation [35]. The tendency towards more arid summers is
observed in the wine-growing regions of southern Europe, Australia, and South Africa.
Precipitation decrease leads to a decrease in grape production in the main European wine-
producing countries such as France, Spain, Italy, Germany and Portugal. An average of
a 1% decrease in precipitation leads to a decrease of 0.019% in output [36]. More humid
summers are projected for regions located in higher latitudes such as New Zealand and
northern Oregon [37].

Viticulture in Russia is concentrated in small areas in the south of the country, includ-
ing the Crimean Peninsula. These territories are characterized by heterogeneous climatic
conditions, high temperatures and a lack of precipitation during the growing season. Ac-
cording to the meteorological data, the Sevastopol region has sufficient thermal conditions
to grow grapes of all maturation terms [38]. Prognostic evaluations obtained from the
models in the CORDEX project show that, by the middle and the end of the 21st century, the
region will still be suitable for growing high-quality grapes [39]. The results obtained earlier
indicate the absence of statistically significant changes in precipitation and their extreme
values in the Crimean Peninsula, particularly in the Sevastopol region [40]. This article is a
continuation of the cycle of works [31,32] on the analysis of agroclimatic conditions of the
Sevastopol region. So, the objective of this study is to examine the current water availability
in the Sevastopol region and to evaluate possible future changes in precipitation-based
agroclimatic indices by the middle and the end of the 21st century.

2. Materials and Methods
2.1. Study Area

Wine grapes are traditionally cultivated in the Sevastopol region. At the end of
2020, the total area of grape plantations in the region amounted to 5.9 thousand hectares
and 4.7 thousand hectares are fruit-bearing [41]. In 2020, at least 500 hectares of new
vines were established. These are largely seedlings of wine grapes such as Pinot Noir,



Agronomy 2021, 11, 1665

30f12

Syrah, Riesling, Sauvignon Blanc, Chardonnay, and Merlot. Viticulture in the Crimea
and around Sevastopol has existed for more than two thousand years. It started when
there were settlements of ancient Greeks in the Crimea. The Greeks built one of the oldest
distilleries in the ancient Chersonesus. The priority project “Terroir Sevastopol” is currently
being implemented in the region, and it is expected that the development of winemaking
infrastructure and the area of vineyards will increase to 10 thousand hectares by 2030 [41].
The regional viticulture is nonirrigated. The region under consideration is located in the
southwest of the Crimean Peninsula (33°22'-33°54" E, 44°22'-44°54’ N). More than half
of the territory is in the range of altitudes from 0 to 200 m above sea level (Figure 1). The
Sevastopol region is one of 13 viticulture and winemaking regions of Crimea. The region is
located to the west of the main ridge of the Crimean Mountains, and two climatic subzones
can be distinguished there. These are the foothill areas with a temperate marine climate
and the southeast coast with a subtropical Mediterranean type of climate [38].
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Figure 1. Geographical location and altitude distribution in the Sevastopol region.

2.2. Data and Methods

We used daily data on precipitation and average air temperature from the Sevastopol
meteorological station for the period between 1991 and 2020 (44.62° N, 33.53° E). To analyze
future changes in the water availability of the region, we used the results of global climate
models of the CMIP Phase 6 project: mean near-surface temperature (tas) and precipitation
(pr) [42]. As part of phase 6 of the CMIP project within the framework of the World Climate
Research Programme (WCRP), a new set of scenarios has been developed that reflect
various socio-economic changes (SSPs, or Shared Socioeconomic Pathways), as well as
various ways of anthropogenic changes in the concentration of greenhouse gases in the
atmosphere [43]. We used the calculation data under the SSP2-4.5 and SSP5-8.5 scenarios.
SSP2-4.5 is the updated RCP4.5 scenario, a “middle of the road” scenario with medium
challenges to mitigation and adaptation, when the past and current global development
is extrapolated to the future [44]. In the case of SSP2-4.5, the radiative forcing level is
4.5 W/m? by 2100, and the CO, concentration is 600 ppm [45]. This scenario presupposes
that climate protection measures have already been taken. The SSP5-8.5 is an extreme and
an unfavorable scenario. The forcing level by 2100 under this scenario is 8.5 W/m?, and the
greenhouse gas concentration is 1100 ppm [45]. Innovation and technology are growing
due to the intensive use of fossil fuels [44].

To obtain estimates of future changes in water availability in the region, we used an en-
semble of six models from the CMIP6 project: ACCESS-CM2 (Australia), CMCC-CM2-SR5
(Italy), HadGEM3-GC31-LL (UK), INM-CM4-8 (Russia), KACE-1-0-G (South Korea), and
NESM3 (China). The analysis is based on the first ensemble member (member_id = r1ilp1f1)
of each model. Using an ensemble of model results can reduce the uncertainty associated



Agronomy 2021, 11, 1665

40f12

with any single model [46]. The data transfer from the nodes of the model grid to the
Sevastopol region was performed by the method of linear interpolation. MATLAB software
was used to analyze the datasets.

The materials were a vector map of the Crimean Peninsula, the SRTM-3 digital terrain
model, and the Worldclim 2.0 climate model. The modeling of the spatial distribution
of the hydrothermal coefficient was carried out based on separate modeling of the two
climatic factors that form this coefficient. These are the sum of active temperatures above
10 °C (using the Sofroni—-Entenzon formula with corrections proposed for the Crimean
Peninsula [47]) and the precipitation amount for the growing period based on the World-
clim 2.0 model. The use of the adapted formula for the Crimean Peninsula takes into
account the following parameters: absolute altitude above sea level for the weather station,
relative altitude, aspect and steepness of the slope, distance to the sea, and geographical
latitude [38]. The model calculates the difference between the indicator level estimate and
the analyzed location based on their differences in terrain and other specified parameters.
Modeling of the spatial variation of the dryness index is also based on the Worldclim
2.0 model. In this case, the initial value of the water balance (W) in the region under
consideration was taken as 200 mm, and the potential evapotranspiration was 5 mm a day.
The authors applied ArcGIS to simulate agroclimatic indices and visualize the results.

The period between 1981 and 2014 was taken as a base period. There were two other
periods—2021 to 2050 and 2051 to 2080. Intervals of 30 years were chosen because a vine is
revitalized every 25 to 30 years.

The work analyzes the following parameters of the region’s water availability:

- the annual precipitation (in mm);

- the average growing season precipitation [48]. It is determined as the sum of pre-
cipitation during the growing season (between April and October for the Northern
hemisphere). It provides information on the effect of precipitation during this period
on the phenology and ripening of grape berries, which affects the quality of grapes
and the health of the vine [49];

- Selyaninov hydrothermal coefficient (HTC) which shows the region’s water avail-
ability [50]. It is used in agronomy for a general assessment of the climate and
the distribution of zones with different water availability in order to determine the
feasibility of growing certain crops (see Table 1);

- the dryness index, or DI [51]. The DI is a climate index used in viticulture to charac-
terize the water component of a region. It is closely related to the quality of grapes
and wine [52]. The index takes into account the climatic requirements of the vineyard,
evaporation from open soil, and rainfall without deducting surface runoff or drainage.
It indicates the potential availability of water in soil related to the level of aridity in
the region (see Table 2).

Table 1. Classes of indices used in the paper.

Index Intervals Definition Source

<0.6
S, 0.6-0.7

Seljaninov’s 0.7-0.8 insuffici .
hydrothermal coefficient O‘ 8—0.9 Insufficient moisture Seljaninov, G.T., 1966 [50]

(HTC) 0.9-1.0

>1.0 sufficient hydration

<—100 DI+2 very dry
<50... >—100 DI+1 moderately dry Tonietto J. and

Dryness index (DI), mm <150 ... >50 DI-1 sub-humid Carbonneau A., 2004 [51]

>150 DI-2 humid
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Table 2. Distribution of the area (in %) occupied by the different HTC intervals.

Period 2021-2050 Period 2051-2080
HTC Cl Base Peri

CClasses  Base Period SSP2-4.5 SSP5-8.5 SSP2-4.5 SSP5-8.5
<06 16.7 318 455 64.4 76.3
0.6-0.7 416 326 26.4 18.0 10.6
0.7-0.8 20.9 18.0 132 8.2 6.5
0.8-0.9 9.2 8.2 7.2 438 33
0.9-1.0 5.9 438 39 22 15
>1.0 5.7 46 338 24 18

Formulas to calculate the indices:

Hre = 219 '1S M
31 Oct
DI=Wo+ Y. [P~(E:+Ey)] v)
1 Apr

where P—precipitation, mm; Wy—initial soil moisture, mm; ) f—the sum of active temper-
atures above 10 °C; Et—the loss of water through transpiration, Es—the amount of water
that evaporates from the bare ground.

3. Results
3.1. Current Water Availability of the Sevastopol Region

The average annual precipitation for the period 1991-2020 was 418 mm (see Figure 2a).
The highest value was 677 mm (recorded in 1997), and the lowest value was 259 mm in
1994. The average annual precipitation is characterized by a negative trend of —15 mm
for 10 years, which is statistically insignificant. The precipitation is distributed uniformly
throughout the year. There are two precipitation maxima in the annual precipitation
distribution: the summer and the winter maxima (see Figure 2b). The average precipitation
for the seasons is as follows: winter—112 mm, spring—89 mm, summer—92 mm, autumn—
127 mm. The winter season is characterized by a positive trend, while the other seasons are
characterized by a negative trend. All trends are statistically insignificant.
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Figure 2. Long-term variation of annual precipitation. The dashed line represents a linear trend (a).
Intra-annual distribution of precipitation (b) in Sevastopol between 1991 and 2020.

The average growing season precipitation (between April and October) was 235 mm
for the study period. Both the amount of annual and seasonal precipitation over the grow-
ing season tends to decrease. The average growing season precipitation is an important
factor in assessing the suitability and economic viability of a given region for grape grow-
ing and wine production [53]. However, this parameter must be assessed using adequate
indices with predefined threshold values, since there are no precise limits on rainfall for
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determining grape distribution areas [53]. Figure 3 shows the spatial distribution of the
hydrothermal coefficient (HTC) and the dryness index (DI). Insufficient moisture is charac-
teristic of 95% of the region’s territory (the HTC is less than one): 27% of the area has HTC
values of less than 0.6; 35%—from 0.6 to 0.7; 19%—from 0.7 to 0.8; 8.5% of the area—from
0.8 t0 0.9, and 5% of the area has HTC values from 0.9 to 1.0. The water availability increases
in the southeast direction where the Crimean Mountains are located (see Figure 3a). As
for the dryness index, the entire Sevastopol region is located in the “moderately dry” class
(DI+1) with values between —20 to —100 mm (see Figure 3b). The prevailing range of
DI values is from —60 to —80 mm (56.5%). Thirty-five percent of the region’s area (the
northern and western parts) has a DI between —80 and —100 mm.

Figure 3. Spatial distribution of (a) HTC and (b) DI in the Sevastopol region between 1991 and 2020.

3.2. Prognostic Evaluations
3.2.1. Comparing the Observational and Model Data

A comparison of the observational data and the ensemble of climatic models for air
temperature showed a high correlation (the correlation coefficient is 0.88). The values of
precipitation in the model and the observational data have a low degree of correlation. This
is expected because daily precipitation is distributed unevenly throughout the region. The
linear trends of the precipitation observations and model data were compared. It showed a
coincidence of the trends for the historical period. These tests make it possible to use the
ensemble of model data for further calculations of the region’s water availability.

For the base period between 1981 and 2014, the average growing season precipitation
was 224 mm. Under SSP2-4.5 and between 2021 and 2050, there is a decrease in the amount
of precipitation to 198 mm. Within the next period (2051 to 2080), there is a slight increase
to 204 mm. Under the SSP5-8.5 scenario, the amount of precipitation is expected to first increase
to 227 mm in the 2021-2050 period (higher than in the base period of 1981 to 2014), and then
decrease to 195 mm. In general, there is a trend in the Sevastopol region towards a decrease in
the average growing season precipitation by the middle and end of the 21st century.

3.2.2. Selyaninov‘s Hydrothermal Coefficient (HTC)

The change of the hydrothermal coefficient over the territory of the Sevastopol re-
gion for the two future periods under different scenarios is presented in Table 2 and
in Figures 4 and 5.
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2021-2050 2021-2050 2051-2080 2051-2080
ssp2-4.5 sspb5-8.5 ssp2-4.5 ssp5-8.5

10 I
i = II-- =
-10

Area change (%)
N
Q

m<06 m06-07 m0.7-08 m0.8-09 m0.9-1.0 =>1.0

Figure 4. Change in areas (in %) of the Sevastopol region with different HTC values for two future
periods under different SSPs relative to the base period (1981-2014).

2021-2050 2051-2080

1981-2014

0.6
07

0.8
09

1.0

Figure 5. Spatial distribution of HTC over the territory of the Sevastopol region for the base period
(a), and the expected changes under SSP2-4.5 (b,c) and SSP5-8.5 (d,e) for future periods.

Figure 4 shows the change in areas with different HTC values by the middle and end
of the century relative to the base period (1981-2014). As can be seen, under both SSPs,
an increase in the area of the region with HTC values of less than 0.6 is observed due to a
decrease in areas with other coefficient intervals. Under the pessimistic SSP5-8.5 scenario in
the second future period (2051 to 2080), the region’s area with sufficient water availability
is reduced to 2%. The spatial distribution of the predicted changes of HTC values in the
future periods is shown in Figure 5.
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3.2.3. Dryness Index (DI)

According to the values of the dryness index, the entire Sevastopol region in both
future periods will be located in the DI+1, or “moderately dry” class of viticultural climate
where the vine can potentially face a certain level of dryness. This is a class with a big
degree of value variability between 50 to —100 mm [51]. We have divided this class into
smaller 20 mm intervals to see the dynamics of the index under different SSP scenarios by
the middle and the end of the century. As can be seen from Table 3, when the SSP scenario
changes to a more pessimistic one, the percentage of area with prevailing dryness index
values between —80 and —100 increases. These regions can be classified as a Mediterranean
type climate with water scarcity in the summer [51]. Thus, by the end of the second future
period, the territory of the Sevastopol region is on the verge of transition to the DI+2 class
(see Figure 6).

Table 3. Distribution of areas (in %) with various DI intervals.

Period 2021-2050 Period 2051-2080
Dllntervals  Base Period SSP2-4.5 SSP5-8.5 SSP2-4.5 SSP5-8.5
~100... —80 237 345 472 64.7 79.6
—80... —60 63.8 56.8 461 325 18.7
—60... —40 115 8.0 6.2 238 17
—40... —20 1.0 0.7 05 0.0 0.0

2021-2050 2051-2080

b)

/

1981-2014
|

a)

/
~

Figure 6. Spatial distribution of the dryness index (mm) in the Sevastopol region for the base period
(a) and the expected changes at SSP2-4.5 (b,c) and SSP5-8.5 (d,e) for future periods.
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4. Discussion and Conclusions

The analysis of the water availability of the region for the cultivation of grapes and the
production of high-quality wine in the future was carried out using various agroecological
indices. Based on the ensemble results of the models from the CMIP Phase 6 project, we
have estimated possible changes in water availability of the Sevastopol region by the middle
and the end of the 21st century. Two precipitation-based indices have been used—the
hydrothermal coefficient, or HTC, and the dryness index (DI). The hydrothermal coefficient
proposed by Selyaninov [50] describes most fully the conditional balance of moisture and
heat. The results showed an increase in the area with HTC values of less than 0.6, which
demonstrates the increased aridity of the region. In the nonirrigated zone, the HTC of
0.5 for the growing season is a borderline value when grapes can be cultivated without
irrigation [54,55]. The HTC values in the current period and future periods indicate that the
Sevastopol region remains in the area where the cultivation of grapes is possible without
artificial irrigation. Trends towards a decrease in HTC values are typical for the countries
of the Black Sea basin [56-59]. The average HTC values of 0.8 for the period 1989-2020
in the region are typical for the Romanian wine region, and in the last year of 2019-2020
it dropped to 0.4, which led to a low grape harvest [56]. However, not all grape varieties
showed a decrease in yield; the Mamaia cultivar, on the contrary, showed a higher yield
with high air temperatures and a lack of precipitation, which confirms the need for careful
selection of varieties in a changing climate. In 2015, a dry year in Europe, Moldova recorded
a decrease in the level of HTC to 0.5, which led to an earlier harvest [57]. According to our
results, in the future, the values of HTC will decrease to such values, which may lead to
an earlier harvest. A decrease in the level of water availability during the growing and
ripening period of grapes was found in the agroecological regions of industrial viticulture
of the Krasnodar Territory and the Rostov Region (Russia) [58]. A decreasing trend of HTC
values was also observed in Montenegro from 1950 to 2005, however, with higher values
due to the more humid Mediterranean climate [59].

According to our estimates by the DI values, the Sevastopol region in the future periods
will be in the “moderately dry” class under both scenarios. Our results are consistent with
those previously obtained. For instance, Malheiro et al. [60] found that, for the period
between 2071 and 2100, the territory of the Crimean Peninsula will be in this DI class. In
general, European wine-growing regions are characterized by an increase in aridity in
the future, which will be especially prominent in the south, or in the Mediterranean. For
the territory of Portugal one report found an increased the dryness index and decreased
summer and spring precipitation by the 2070s [61]. According to the EBU-POM regional
climate model [62], Bosnia and Herzegovina is expected to shift towards the drier DI class
between 2071 and 2100. The increase in aridity for the territory of Hungary by the middle
and end of the 21st century was obtained using the Palfai’s drought index [63].

Decreases in precipitation, higher air and soil temperatures, and more frequent and
prolonged extreme climatic events (e.g., heatwaves or extreme drought) [30] are predicted
to negatively affect some of the viticulture areas in Mediterranean-like climate regions of
southern Europe [64,65]. Climatic changes will lead to increased heat stress and water
scarcity [13,66], which will require changes in the tillage system [67], the selection of more
drought-tolerant rootstocks [68,69], an increase in the water demand of plants and the
need for irrigation [68,70,71], as well as the use of different species of wine grapes [9,72],
leaf removal and cluster thinning [73-75]. The results obtained are important for selecting
adaptation measures to the current and future climate changes in the study region. For
instance, the selection of drought-resistant varieties including rootstocks, irrigation, soil
mulching, and the placement of vineyards; on the northern, north-eastern and north-
western slopes (with sufficient heat supply to the area), and on the lower part of the slope
(in the absence of the threat of frost and with good ventilation conditions). The study needs
to be continued due to progressive climate changes.
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