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Abstract

The successful cultivation of vines must be aware of the phenological phases during the growing season. However,
conventional phenological measurements on the ground are limited due to their spatial coverage. The use of Sentinel-2
imagery has led to an increased interest in its application to viticulture, with the data providing access to global spatial
coverage and the potential for high temporal resolution. The present study was conducted during the period 2021-2022
in the experimental vineyard of the Agricultural University of Plovdiv, with the aim of studying the phenological phases
of the wine grape varieties Merlot, Mavrud and Chardonnay. The results will enhance the interpretation of the
spatiotemporal dynamics between meteorological data, vegetation indices (Normalized Difference Vegetation Index
Normalized Difference Vegetation Index - NDVI), and phenological stages in vine cultivation. This study highlights the
effectiveness of remote sensing for monitoring vineyard phenology, both retrospectively and in real time, as a valuable
tool for maintaining high-quality standards in precision viticulture.
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INTRODUCTION

Climate is a key factor in enabling plants to
complete their vegetative and productive
cycles, directly influencing the timing and
duration of the main phenological stages (Dalla
Marta et al., 2010). The influence of air
temperature on grapevine development and the
timing of growth phases has been well-
documented in numerous studies (Chuine et al.,
2013; De Cortazar-Atauri et al., 2009; Parker et
al.,, 2011; 2013; 2020). Network analyses of
meteorological stations have been used to
characterize temperature variability on regional
scales (Bois, 2007; Cuccia, 2013; Madelin &
Beltrando, 2005). In the context of global
climate change, growers must adapt to the
spatial variability of temperature and its
temporal evolution. There is broad scientific
consensus that the climate is changing (IPCC,
2013). The recent rise in temperatures has
already impacted grapevine development,
particularly by accelerating the timing of
phenological phases (Bock et al., 2011,
Duchéne et al., 2012; Tomasi et al., 2011; van
Leeuwen et al., 2019). According to Cunha et
al. (2010), conducting phenological
observations in vineyards is essential for
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improving the ecological adaptability of grape
varieties, as well as for effective crop
management and modeling. Traditionally, these
observations are made on the ground, offering
localized insights but limited spatial coverage
and temporal frequency. In contrast, time-series
satellite imagery provides a fast and objective

view of grapevine dynamics, enhancing
vineyard management. Integrating ground-
based phenology observations with the

temporal profiles of the Normalized Difference
Vegetation Index (NDVI), as captured by the
SPOT VEGETATION sensor, is particularly
useful for regional, inter-annual vineyard
monitoring. Earth observation data and NDVI
are vital tools for assessing vineyard vegetation
health (Pastonchi et al., 2020), while also
enabling efficient and accurate data collection
in remote areas (Krishna, 2017). The use of
vegetation indices (VIs) is a practical approach
for applying remote sensing in viticulture,
relying on spectral information to assess vine
development and yield (Hall et al., 2002,
Arnaudova & Stalev, 2024). Remote sensing
technologies - such as UAVs, airborne sensors,
and satellite imagery - are among the most
employed methods for vineyard monitoring
(Hall et al., 2002; Matese & Di Gennaro,
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2015). UAVs equipped with multispectral
sensors, along with radar measurements,
provide high-resolution imagery that enables
the extraction of various types of information
about vineyards (Pichon et al., 2019). However,
the high cost of this equipment can limit the
spatial coverage needed for generating reliable
results (Candiago et al., 2015).

Satellites are more time-efficient and cost-
effective for monitoring large areas, but they
are less adaptable to growers' needs due to
limitations in revisit frequency and spatial
resolution (Sozzi et al., 2019). In recent years,
the availability of free satellite data - such as
that provided by the Copernicus program
through the European Space Agency (ESA)’s
Sentinel-2 mission - has sparked increased
interest in its application to viticulture. Studies
have demonstrated that Sentinel-2 imagery can
support regional vineyard management by
extracting  agricultural  information and
quantifying drought impacts (Devaux et al.,
2019; Cogato et al, 2019). The use of
geographic  information  systems  (GIS)
enhances image acquisition and processing for
vegetation indices such as the Normalized
Difference Vegetation Index (NDVI) and the
Green Normalized Difference Vegetation Index
(GNDVI). A geoprocessing approach further
integrates environmental parameters - such as
rainfall, temperature and soil moisture - as key
variables (Jesus et al., 2020).

The objective of this study was to explore the
relationship between vegetation indices derived
from Earth observation and climatic data, and
the phenology of wine grape varieties measured
in situ.

MATERIALS AND METHODS
Study area
The experiment was conducted on the

experimental training field of the Agricultural
University, located in the town of Kuklen,
Plovdiv District, in Central-Southern Bulgaria
(Figure 1).

In situ measurements

The study was conducted in the experimental
vineyard of the Agricultural University of
Plovdiv, situated near the town of Kuklen, on
the border with the village of Brestnik, in
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Rodopi Municipality. The vineyard is in full
fruit-bearing condition. Vines are planted with
a spacing of 3.0 meters between rows and 1.0
meter between vines within a row, resulting in
a planting density of approximately 333 vines
per hectare.

Figure 1. Location of study area
(Google Earth 17.11.2024)
L 42°3'29.71"N B 24°47'0.18"E

The vineyard rows are oriented northwest—
southeast (NW-SE) and are situated on a gentle
eastward slope of 3.2% (1.8°), at an average
elevation of 194 meters above sea level. Vines
are cultivated using a tall-stem training system
with a double-sided cordon formation
supported by an appropriate trellis structure.
The vineyard is managed under non-irrigated
(dry-farmed) conditions.
The experimental scheme
following variants:

= Vi - Mavrud variety;
V2 - Merlot variety;
V3 - Chardonnay variety.
Each variant consists of 60 vines, arranged in
four replications of 15 vines each.
A series of in situ observations were made to
The phenological development of the main
growth stages of vine development during the
vegetation period was monitored, including:

includes the

bud Dburst, first leaf appearance, mass
flowering, “pea”-size berries, veraison, and
technological maturity. Observations were
conducted on normally developed, fully

fruiting vines. For the Mavrud, Merlot, and
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Chardonnay varieties, the phenological stages
were recorded as the calendar days when most
of the vines (50%) had reached each respective
stage. The identification and classification of
the phenological phases followed the
methodology described by Braykov et al.
(2005).

Climatic data for the study period (April to
October) in 2021 and 2022 including mean
daily air temperature (°C) and daily
precipitation (mm) were obtained from the
meteorological station located within the
university vineyard. According to Del Rio et al.
(2024), the following heat indices were
calculated from the temperature data:

The Winkler Index (WI) is a viticultural metric
used to assess cumulative heat exposure during
the grapevine growing season. It is calculated
by summing the average daily temperatures
that exceed 10°C. Also known as the Winkler
Scale or Winkler Regions, this index was
developed by Winkler et al. (1974) to classify
wine-growing regions based on growing
degree-days (GDD). It divides geographical
areas into five climatic regions (Regions I to
V), with each category corresponding to a
range of accumulated heat units (Table 1),
thereby guiding the selection of grape varieties
suitable for each region.

Wl = Zg;ﬁlll(Tmean - 1006)

where:
- Tmean is the average daily temperature in
°C from 1 April to 31 October;
- 10°C is the baseline temperature below
which grapevine does not grow.

Table 1. Winkler Index classification
(Winkler et al., 1974)

Region GDD Range (°C) Climate Type
Region I <1,390 Cool
Region II 1,391-1,670 Intermediate
Region III 1,671-1,940 Warm
Region IV 1,941-2,220 Hot
Region V >2,220 Very Hot

The Huglin Index (HI) is a bioclimatic heat
index developed by Huglin for vineyards. It is a
metric used to predict the potential maximum
temperature of a given location over a given
period (Huglin, 1978). The index is calculated
by taking the meaning of the maximum and
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average daily temperatures recorded from early
April to late September (Table 2). The
calculated total is slightly adjusted based on the
latitude of the area, using the K factor.

Tmean Tmax
HI = K (Bepi3) fmeanslnax _ 400¢)

where:

- Tmeanis daily mean temperature (°C);

- Tmax 1s daily maximum temperature
(°O);

- 10°C is the baseline temperature below
which grapevines do not grow;

- Kis a latitude correction factor (ranges
from 1.02 to 1.06).

Table 2. Huglin Index Classification (Huglin, 1978)

HI Range Climate Classification
<1500 Very Cool
1,500-1,800 Cool
1,800-2,100 Temperate
2,100-2,400 Warm
2,400-2,700 Hot

Growing Season Temperature (GST) - The
growing season temperature index is an
indicator employed in viticulture to assess the
suitability of a particular region for wine
production. The GST index is calculated as the
mean daily temperature between 1 April and 31
October in the Northern Hemisphere. A
positive correlation has been observed between
the GST index and the maturity potential of
grape varieties (Table 3). Different varieties of
wine grapes grow within different GST
thresholds (Jones, 2007).

_ voct 31 Tmean
GST = X353

where:
- Tmean is daily mean temperature (°C);
- nis days from April 1 to October 31.

Table 3. GST Index classification (Jones, 2007)

GST (°C) Climate Type
<13°C Very Cool
13-15°C Cool
15-17°C Intermediate
17-19°C Warm
19-21°C Hot
>21°C Very Hot
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Satellite imagery

The Sentinel-2 multispectral images for the
NDVI were obtained from the official open-
access site of the Copernicus Land Monitoring
Service (Copernicus Europe's Eyes on Earth,
n.d.). Within this online database, cloud-free
images were selected according to their
proximity to the dates of the phenological
stages.

NDVI was obtained from the Copernicus Land
Monitoring Service as a daily update of the
NDVI, provided at pan-European level and in
near real time. The data were available at 10 m
x 10 m spatial resolution from Sentinel-2 HR
multispectral satellite imagery (according to
Data Viewer - Copernicus Land Monitoring
Service).

NDVI defines values from - 1.0 to 1.0, where
negative values are mainly formed from clouds,
water and snow, and values close to zero are
primarily formed from rocks and bare soil.
Very small values (0.1 or less) of the NDVI
function correspond to empty areas of rocks,
sand or snow.

Moderate values (from 0.2 to 0.3) represent
shrubs and meadows, while large values (from
0.6 to 0.8) indicate temperate and tropical
forests (Eos Date Analytics, n.d.)

The formula for the NDVI is as follows:

NIR—RED
NIR+RED

NDVI=

where:
- NIR is near-infrared light;
RED is red light.

For Sentinel-2:

Bg—B
NDVI= 78 74
Bg+B,4

where:

B8 =842 nm;

B4 =665 nm.

The images and sample raster values from
NDVI imagery were processed by QGIS
3.34.14.

Time series imageries were downloaded for the
main stages of the vine plant in the
experimental field and in situ data collection
for 2021-2022. The growth stages are
calculated in the Days Of the Year (DOY). The
correlations between the studied variables were
obtained by regression analysis in Excel
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Microsoft 365 and were valid within the time
range studied.

RESULTS AND DISCUSSIONS

The grape varieties included in the study
demonstrated varying ripening periods within
the Plovdiv region.

Mavrud, a red wine variety, is distinguished by
its protracted ripening period, which can extend
from late summer to the onset of winter. In
2021, bud burst commenced on 16 April/DOY
116, and technological maturity was achieved
on 6 October/DOY 279. The duration of the
period from the initial phase to technological
maturity is 174 days. In the second
experimental year of the study (2022), the onset
of budbreak occurred earlier than in the first
year, on 9 April/DOY 111. The attainment of
technological maturity was observed on 1
October/DOY 274. As presented in Table 4, the
duration of the period from the budding growth
phase to technological maturity is 176 days.
Merlot is a late-ripening French red wine
variety. In 2021, bud burst is initiated on 12
April/ DOY 102, and technological maturity is
observed on 13 September/ DOY 256. The
duration of the period from the initial growth
stage to technological maturity is 155 days. In
consequence of the increased temperatures
recorded in April 2022, the phenological stage
of bud burst occurred earlier than in the first
year, on 6 April/ DOY 96, and harvesting took
place on 10 September/DOY 256. The duration
of the period from bud burst to technological
maturity is 158 days.

Chardonnay is a medium ripening French white
wine variety. The onset of bud burst is
observed on 10 April 2021 (DOY 100), while
technological maturity is recorded on 30
August 2021 (DOY 242). The duration of the
period from bud burst to technological maturity
is 145 days. In 2022, bud burst occurred on 5
April/DOY 95, and technological maturity was
attained on 28 August/DOY 240. The
vegetation period was therefore 146 days.

The ripening process of the grapes was
influenced by the average daily air temperature
and the amount of precipitation. During the two
experimental years, resulting in changes in the
phenological stages during the growing season.
At a temperature of 25°C, the flowering of the
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vines was observed to occur at a shorter time.
The temperature in July plays a major role in
the ripening of the grapes and should be

between 28-32°C for high quality table wines.

The highest recorded precipitation (103.8 mm)

was in June 2022 (Figure 2 and Figure 3).

Table 4. Phenological stages of Mavrud, Merlot and Chardonnay grape varieties for 2021 and 2022

. Mavrud Merlot Chardonnay
Phenological Stage Year
Date/DOY Date/DOY Date/DOY
Bud Burst 2021 16.04.21/116 12.04.21/102 10.04.21/100
u urs
2022 09.04.22/111 06.04.22/96 05.04.22/95
First Leaf A 2021 30.04.21/120 22.04.21/112 19.04.21/109
irst Leat Appearance 2022 24.04.22/114 16.04.22/106 10.04.22/100
Mass Fl . 2021 09.06.21/160 31.05.21/151 27.05.21/147
ass Howermg 2022 03.06.22/153 29.05.22/149 25.06.22/145
"Pea" Si 2021 10.07.21/191 05.07.21/186 30.06.21/181
e sze 2022 06.07.22/187 01.07.22/182 27.06.22/178
Verai 2021 20.08.21/232 04.08.21/216 29.07.21/210
eramon 2022 16.08.22/228 | 02.08.22/214 25.07.221206
Technological Maturit 2021 06.10.21/279 13.09.21/256 30.08.21/242
echnologteal Maturty 2022 01.10.22/274 10.09.22/253 28.08.22/240
Bud Burst - Technological Maturity 2021 174 155 145
(Days) 2022 176 158 146
Temperature (GST) Index for the years 2021
30 182,6 fgg and 2022 (Table 5).
5 160 The thermal indices allow for the comparison
5 . 40§ of vineyards with wine-growing areas all over
2 20 7.6 120 5 the.territory. Thes_e _indices suggest that the
§ 15 100 & optimal grape varieties are those capable of
£ i so 5  adapting to both lower and higher
= 10 1l P 60 & temperatures, exhibiting a suitable ripening
5 b Rl o 40 period, and yielding wines with balanced
ul 20 acidities and flavours.
0 0
D ) & RS & & &
ORI 3 S
v g @é‘& Sl 30 120
< 103,8
4 Temperature (°C) i Precipitation (mm) 25 100
g B
Figure 2. Monthly climate characteristics - mean g 20 488 80 g
temperatures and sum of precipitation for 2021 g g
5 15 60 =
& 7. s
. . £ n £
The meteorological data obtained from the & 10 33 3 w
station in the vineyard is of great importance &~
for the vines. It enables the monitoring of $ 20
temperature and precipitation, which influences i L g
the growth.a.nd deve}opment of the Vin§s and V&& RESCIIE \\%\%\ S
plays a decisive role in the quality and yield of v %QQ@ o3

the grapes.

An assessment of the microthermal conditions
during the grape harvesting period was
conducted by determining the Winkler Index,
the Huglin Index, and the Growing Season

4 Temperature (°C) ® Precipitation (mm)

Figure 3 Monthly climate characteristics - mean
temperatures and sum of precipitation for 2022
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Table 5. Assessment microthermal conditions

Index 2021Year/ | 2022 Year/
Category Category
Winkler 1990°C 2132°C
Meteo (WI) Region IV Region IV
station | Huglin (HI) 2619°C 2689°C
Brestnik Warm Warm
village Growing 19.4°C Hot | 19.8°C Hot
Season
Temperature
(GST)

Satellite observations

The dynamics of the NDVI values were traced
by the average index values in the plots,
obtained from the zonal statistics in QGIS in
2021 and 2022. The index values are for the
stages from the first leaf appearance to the
technological maturity for the three varieties.
Each of the varieties under observation cover
an area of 2,500 square meters (Figure 4,
Figure 5). The obtained results for the varieties
are corresponding to the occurrence of the
respective stages in each of the varieties. On
the Figure 4 and Figure 5 are presented NDVI
images for the growth stages of Mavrud variety
in 2021 and 2022.

It is observed that the NDVI values start to
increase with the beginning of flowering in
May, and reach their maximum at the “pea”
size in June. From August, due to the onset of
drought and maturity, the leaves turn yellow
and the index values decrease. The two years
under consideration, 2021 and 2022, differ
significantly in terms of climate, particularly
with regard to rainfall, which has a direct
impact on plant development.

In 2021, July and August rainfall were
significantly lower, with values of 22.8 mm
and 27.4 mm respectively. This results in a
deficiency of moisture in the leaves,
consequently leading to reduced NDVI values.
In 2022, the rainfall was almost double that of
the previous year, at 47.6 and 42 mm, which is
indicative of favourable conditions for the
development of the vine crop. Consequently,
NDVI values are elevated.

This provides a rationale for the observed delay
in the onset of the phenophases, which in 2021
occurred 4-5 days later than in 2022.The
phenological development of the varieties was
established on the basis of climatic data and in
situ observations (Figures 6 and 8).
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Figure 4. NDVI images for the phenological stages of
Mavrud in 2021
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Figure 5. NDVI images for the phenological stages of
Mavrud in 2022

There were no significant differences in the
index values, but due to the different timing of
the phenological phases and the development
of the varieties, differences were observed. The
analysis indicates a high degree of correlation.
The highest degree of multiple correlation is
observed for the red varieties Merlot and
Mavrud with R?=0.99 for 2021 and R?=0.97 for
2022 and R?=0.90 and R?>=0.94, respectively.
In the case of Chardonnay, the coefficient of
possible correlation is lower degree than the
others, but also with a very good result. R>=0.8
for 2021 and R?=0.73 for 2021.

Figures 7 and 9 illustrate the NDVI from
Sentinel-2 images for the verasion growth stage
for the three varieties. The phases between the
Chardonnay and Mavrud varieties exhibit a 20-
day discrepancy, with the Chardonnay variety
entering its phase at a more accelerated rate. A
clear distinction in the years and index values is
evident between the earlier veraison phase in
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Chardonnay and the later veraison growth stage
in Mavrud.
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Figure 6. Dynamics of NDVI values for main growth
stages for 2021
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Figure 7. NDVI images for the growth stage Veraison in
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Figure 8. Dynamics of NDVI values for main growth
stages for 2022
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Figure 9. NDVI images for the growth
stage Veraison in 2022
CONCLUSIONS
The present study employed regression

equations and multiple correlation to evaluate
the relationship between NDVI and the
phenological phases of cultivars with varying
maturation dates and growing season durations.
The coefficients' values for R? in both years
exhibited analogous results. The analysis
revealed the highest result for the Merlot and
Mavrud varieties. The multiple correlation
coefficient for the Merlo variety was found to
be R* = 0.99 and 0.97 for the year 2021 and
2022, respectively.

The NDVI time series has been utilised to
monitor  vineyard phenological  phases,
exhibiting a high degree of data validity. The
survey is subject to several significant
limitations. Firstly, there is a high probability
of cloud cover and precipitation during the
months of May and June. This may result in a
lack of NDVI values during the growth stages
of "flowering" and "pea size".

The evaluation of the investigated varieties was
conducted by means of thermal indices in the

experimental field in which they were
cultivated.

The integration of meteorological data,
vegetation indices and heat indices has
demonstrated its potential in determining the
phenological dynamics of diverse grape
varieties. The integration process under

discussion has been demonstrated to facilitate
the identification of the most suitable grape
variety for specific regional contexts. This, in
turn, has been shown to contribute to the
optimisation of viticultural practices.
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