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Abstract
Spring frosts after budburst are responsible for crop losses and threaten local economies. As global
warming tends to advance the phenological stages of plants, these become more and more subject to
facing a long period of freezing temperatures. For a given meteorologic situation, the topography of the
studied site and the nature of the soil of the plots constituting it, a temperature spatial variability expands
within the same territory. Considering a radiative frost, the temperature can thus differ by several degrees,
creating areas of cold and warm air that it is necessary to know to �ght wisely against the frost.
Nowadays, many solutions exist to �ght against frost, including the wind machines that dot the Quincy
vineyard in France. Weather variables, topographic parameters, and daily minimum temperatures from a
network of connected sensors scattered throughout the vineyard are retrieved for the last three spring
seasons of 2020,2021, and 2022. Then, thanks to a hierarchical clustering algorithm, it is possible to link
the spatial variability of temperatures to the synoptic situation and the topography of the domain. The
outcome is the assessment of the frost risk areas to propose a judicious implantation of wind machines
in the vineyard of Quincy.

1 Introduction
Each year, spring frost causes a huge economic loss in agriculture due to the early growing of plants.
Climate change is characterized by the increase of the mean temperature on the planet's surface. Across
the world, the impact is felt at all scales, such as the wine sector. The effects of climate change on the
spatial distribution of frost and its consequences on crops, and potential expansion are therefore highly
studied. Gobbett et al. (2020) presents a high-resolution spatial analysis of frost distribution based on
remotely sensed land surface temperature (MODIS) data and Multivariate Adaptive Regression Splines
(MARS) method, while Webb et al. (2018) proposes a mapping of frost risk by spatially linking minimum
temperature records and bud break dates. Mosedale et al. (2015) demonstrates how stochastic weather
generators can be used to predict future suitable growing areas using the example of viticulture in
southwest England. But if the geographical consequences are easily understandable, climate change also
has a signi�cant effect on the phenology of plants and it is the combination of the two that concerns the
wine community. Vine plants phenology can be divided into 4 events of dormant phase, budburst,
�oraison and veraison (Hellman, 2000; Jones and Davis, 2000). The budburst happens after the plant has
stored a su�cient amount of heat to grow. Several studies showed that the climate change is causing
certain phenological stages of the plants to advance (Augspurger, 2013; Unterberger et al., 2018; Van
Oldenborgh and Li, 2022) and winegrowers began to observe budburst at unexpected early season
(Leolini et al., 2018; Sgubin et al., 2018).

Besides, global warming can be highlighted in various ways but one singularity is the continuous
increase of extreme temperatures occurrences and their fellow intensities. It results in strong variability of
spring frost event frequency, particularly in Europe where different climates are represented (Leolini et al.,
2018; Zohner et al., 2020). Indeed, some regions are predicted to face more spring frost events in the near
future while others may observe the decrease of their occurrences (Leolini et al., 2018; Ma et al., 2019;
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Meier et al., 2018; Unterberger et al., 2018; Zohner et al., 2020). But if freezing temperatures still occurs in
the late night, so does unusual positive ones during the day, thus disrupting the phenology of the plants.
While the vine plants are cold hardy during dormancy, as soon as budburst occurs, their cold resisting
ability decreases as their growing cycle go forward (Quénol et al., 2004). It makes the early buds very
vulnerable when they have to go through freezing temperatures. Then, for the sustainability of orchards, it
becomes vital to assess the temperature spatial variability and therefore the current (Cittadini et al., 2006;
Detzer et al., 2020) and future frost risk (Gavrilescu et al., 2019) to adapt cultivation practices, frost
control systems, and even insurance policy (Zohner et al., 2020).

A strong spatial temperatures variability can be assumed in a limited territory depending on several
parameters. Frosts can be distinguished as advective frosts and radiative frosts:

Advective frost is caused by an arrival of a cold mass of air (wind > 3 m/s) mixing the atmosphere,
thus inducing the cold establishment on a whole crop. Therefore, the temperature spatial variability
is weak, and damages are generalized in the vineyard;

Radiative frosts are characterized by clear skies and shallow winds (wind < 2 m/s), which results in
energy loss near the ground after sunset. Indeed, soil heatwaves gradually fade away to the sky, thus
creating a thermal strati�cation in the low part of the atmosphere (from a few meters to several
hundreds of meters above the ground). This thermal inversion is responsible of frost which could
occur in the late night (Quénol et al., 2004).

Depending on the type of frost occurring, but also the synoptic situation and local parameters such as
topography, the minimum temperature can differ by several degrees within the same vineyard. As a
matter of fact, katabatic drainage, de�ned as a �ow of cold air along the slopes tends to create lakes of
cold air in the valley bottoms where cold air can accumulate, while the highlands are spared (Kalma et al.,
1992). It leads to observations of strong minimum temperature spatial variability due to the topography
(Quénol et al., 2004; Small, 1949).

Hence, for many years, men have been developing new solutions to counter this seasonal phenomenon
by adopting strategies of cultural practices but also by designing technologies that help them to
overcome this biological and economic disaster (Snyder and de Melo-Abreu, 2005). Although no
adequate solution exists to �ght the advective frost, numerous solutions appeared over time to counter
radiative spring frost such as candles, sprinkling water or wind machines. These solutions have proven
their e�ciency and are chosen according to different constraints (Lakatos et al., 2016). For instance,
sprinkling requires a highly available water reserve during the whole freezing episode while candles must
be renewed regularly during the night. Wind machines represent a signi�cant �nancial investment and
require the presence of thermal strati�cation to be effective. The utility of wind machines is then
conditioned by a climatological assessment where minimum temperature and inversion strength are
cornerstones (Doesken and McKee, 1988). Therefore, their implementation must be carefully considered
and it is necessary to study the spatial variability of frost to obtain a maximum performance. Down
through the years, as the budburst occurs at an increasingly early stage, the �ght against frost must be
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maintained much longer to cover longer nights than usually known by the winegrowers. Hence, some
historic solutions become more challenging to use, because of their limited use duration. Therefore, using
a wind machine appears as a great solution to protect vineyards and orchards, as it can work as long as
required by the weather conditions (Kalma et al., 1992).

Various types of wind machine exist on the market, such as portable wind machine or upward blowing
wind machine, but several studies showed that stationary wind machine as can be founded in the Quincy
vineyard is the more e�cient to �ght spring frost (Battany, 2012; Beyá-Marshall et al., 2019) whether in
terms of range or thermal gain magnitude.

A wind machine is commonly composed of a 10-m mast and a 2-bladed-hub blowing fan at its peak. The
wind machine rotates on itself in 4–5 min. The operation of a wind machine is conditioned by the state
of the atmosphere as it requires a minimum thermal inversion of 1.5°C – 2°C between 1.5 m and 15 m
high (Kalma et al., 1992). The blowing fan sweeps the crop by blending warm air quickly above with the
cold air near the ground (Bates and Lombard, 1978; Brooks et al., n.d.).

Wind machines offer protection to orchards but with slight differences depending on the thermal
inversion strength (Bates and Lombard, 1978; Evans, 2000; Ribeiro et al., 2006). Moreover, every study
carried on with �eld measurements showed that the wind machine produces a strong spatial variability of
temperature, with a decreasing effect with the distance to the fan but also in height (Beyá-Marshall et al.,
2019; Heusinkveld et al., 2020; Ribeiro et al., 2006). Consequently, damages observed on �owers were
minor near the fan but increased with the distance (Ribeiro et al., 2006).

Furthermore, the natural wind drift seems to be prevailing in the spatial variability of temperatures gain
produced by the wind machine. Alight wind tends to extend the range of the wind machine’s jet downwind
and shorten it both upwind and perpendicularly (Beyá-Marshall et al., 2019; Heusinkveld et al., 2020;
Ribeiro et al., 2006). Obviously, a value above 1.8 m/s prevents strati�cation and thus the ignition of the
wind machine. On the other hand, To enhance the protection and its coverage, multiple wind machines
can also work together in a synergy effect (Beyá-Marshall et al., 2019; Snyder and Melo-Abreu, 2005).

Despite a growing interest in wind machines effect to protect crops, no study covered the possible
improvement of their use or locations regarding the natural temperature spatial variability. The present
study aims to analyze the spatial variability of temperature using hierarchical clustering (Murtagh and
Contreras, 2012) and a network of connected sensors to propose a well-considered implementation of
wind machines. This study is carried out in the Quincy vineyard, where nearly 60 wind machines are
disseminated, offering protection against spring frost for 85% of the crop. We focus on the statistical
analysis of the minimum temperature spatial variability following several atmospheric situations in the
Quincy vineyard during spring frost occurrences in 2020, 2021, and 2022. In section 1 we present an
overview of the site and methods. The results are shown and analyzed in section 2. Finally, we draw
some conclusions and perspectives in section 3.
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2 Site And Methods
In the vineyard of Quincy, wind machines (WM) have been in use since the early 2000s. From a single
one, there are today nearly sixty of them throughout the vineyard. They were implanted based on
accessibility, social connections through membership in the local agricultural cooperative, and
winegrowers' �eld experience. But not in the context of global warming prone to change the well-known
risk areas. Today, some towers are equipped with a sensor allowing them to be switched on automatically
when the temperature falls below a critical threshold, but others still require human intervention in their
use. To �ght spring frost, in addition to their knowledge, the winegrowers of Quincy use weather forecasts
and a network of temperature sensors spread throughout the vineyard as a decision-making tool.

2.1 Site of study and data

Figure 1 shows on the left the location of the Quincy vineyard in the Centre Val de Loire region in France
where the study was conducted. On the right, the wind machine locations among temperature sensor
locations are displayed on the vineyard map. The Quincy vineyard covers a delimited zone of 700 Ha. It
bene�ts from a moderate climate and a sandy and gravelly soil settled in old alluvial earthworks perched
on riparian limestone hillsides. The wine of Quincy is a white wine with registered designations of origin
based upon the particular Sauvignon vine variety. Vine stocks are planted with a spacing of 1 m to 1.15
m between plants and 1.5 m between rows.

Synoptic Data - Weather conditions

Meteorologic regional variables were considered from the national weather station of Bourges, located
approximately 22 km from the vineyard. Nebulosity data came from the AROME forecast model with a
spatial grid of 2.5 km. Each night, several weather variables were retrieved, such as the wind speed and
direction, pressure, humidity, and nebulosity. Besides, an adding variable was de�ned and could take
three values depending on the evolution of the nebulosity: -1, meaning the sky was revealed at night, 0, no
change, and 1, the sky became overcast during the night.

Micro meteorological measurements

A wireless sensors network was settled in December 2019 to monitor the temperature across the vineyard
and alert when the temperature drops too far. Thirty-seven of these Weenat→ anti-frost sensors are spread
in the whole vineyard and measure the temperature continuously. The locations of these sensors are
shown above in Fig. 1. By retrieving the hourly temperatures of the remote sensors, the daily minimum
temperature can be extracted, which is de�ned as the minimum temperature measurement between 6 pm
the day before and 6 pm the same day.

Topographic data

Figure 2 presents histograms of topographic data at Weenat→ sensor locations in the Quincy vineyard.
Topographic data are described by Digital Elevation Model (DEM) and are 5-m accurate. The vineyard of
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Quincy is located in a �at area as its slope varies between 0° and 6°, with a majority of values between 0°
and 3° (see Fig. 2b). The mean altitude is 122 m, and the main exposure varies between North and East.
Besides altitude and slope, it also allows for analyzing the plots' exposure (see Fig. 2c and 2d). However,
exposure values can be tricky to analyze for a statistical algorithm, especially when a wind from extreme
compass points is recorded. As explained in Le Roux, 2017, a wind with an angle of 359° or 1° both mean
that wind is coming from the north direction, but it will be interpreted as two very different wind �ows by
the algorithm. To prevent this issue, one should decompose the direction as two components ranging
between − 1 and + 1, called U and V, with U corresponding to the north/south orientation and V to the
east/west orientation. To do so, U = cos (angle in radiant) and V = sin (angle in radian), with U = 1 for
northern orientation and − 1 for southern orientation, V = 1 for eastern orientation, and − 1 for western
orientation.

2.2 Methods

Hierarchical Clustering (HC) is a statistical method used to group individuals according to similar
variables that de�ne them. Then, a dendrogram is obtained, which is divided into several clusters of
individuals, each distinct from each other. Thus, each individual from the same cluster is assumed to be
similar. This method allows to group nights of frost following weather variables, plots following the
micro-scale temperature, and topographic parameters. So, the statistical analysis was based on different
data sources:

weather data;

micro-scale temperature data;

and topographic data.

Figure 3 indicates the four different steps the study goes through to analyze the temperature spatial
variability in the Quincy vineyard during frost events. Each hierarchical clustering is performed using the
“agnes” function (for “Agglomerative Nesting”) from the “cluster” library provided with the data-treatment
software R.

First step corresponds to the analyze of the weather data, for each night of frost recorded in the Quincy
vineyard during the three previous spring seasons. The application of the hierarchical clustering on these
data allowed to identify different clusters of frost nights which could be then de�ned as either advective
or radiative frost cluster or even a blend of the previous two types, depending on the characteristics of
each cluster.

Step two focus on the topographic description of the vineyard. To that purpose, two topographic HC is
performed, each one having a different set of parameters:

The �rst one took into account all the topographic parameters provided by the DEM at sensor
locations: altitude, slope, and exposure broken down into 2 components U and V.

The second one only took into account the slope and the altitude
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Step three considers the micro-scale temperatures provided by the Weenat temperature sensors. Once the
frost nights clusters were de�ned in step one, the same pattern was applied on plots following the
minimum temperature recordings through the wireless sensors network for nights from a same cluster.
For instance, if the HC on frost nights resulted in 3 clusters: one for advective frost nights, one for
radiative frost nights and the third for a blend of advective and radiative situations, then one would apply
HC on plots following the minimal temperatures recorded during each type of frost. This second step
allowed to determine hot and cold areas during a speci�c kind of frost and establish a relationship
between micro-scale temperature distribution and observed weather.

Finally, in step four, we link the spatial variability of temperatures with topographic effects, by comparing
the HC results from minimum temperature records in the vineyard (step 3) with the previous two
topographic HC results (step 2). Having one topographic result taking exposure into account imply to
observe the impact of wind and solar radiation on temperature by �nding link between topographic and
temperature HC, which is more likely to happen during advective or blurred frost situation. On the
opposite, the same comparison with altitude and slope only is more relevant for radiation frost
occurrence as temperature distribution is strongly dependent of terrain shape.

3 Results And Discussion
In this section, we detail the results of the different steps of the methodology presented above before
linking each one. Then, we will compare the areas bene�ting or not from the use of wind machines in
order to rea�rm their interest. Finally, we compare the results of the different classi�cations with the
current implementation of wind machines in Quincy and bring our observations and suggestions.

3.1 Synoptic HC results: Evidence of 3 types of frost
Figure 3, Step 1 refers to the study of the temperature variability across the vineyard for different frost
type occurrences. Hierarchical clustering was carried out on synoptic data: wind speed and direction,
humidity, pressure, and nebulosity for the nights when frost was recorded. Several clusters of similar
nights were obtained and allowed to identify the types of frost events that occurred on those nights.

Thirty-four nights of frost were recorded in the Quincy vineyard in the last three springs: eleven in 2020,
twenty-one in 2021, and only two in 2022.

The synoptic hierarchical clustering resulted in a three-cluster classi�cation of frost nights with the
following characteristics presented in Table 1 below. The nebulosity reduced thermal loss as cluster 2,
which stands out from the other clusters with its high sky coverage, holds the hottest mean minimum
temperature. As advective frost is characterized by the arrival of a cold mass of air carried along by
strong winds, one could presume that the temperature should be pretty homogenous on a terrain, which
was not observed in this study. Indeed, Cluster 1 represents nights where a blend of advective and



Page 8/28

radiative situations occurred. However, this cluster presents the highest standard deviation value of the
minimum temperature in the Quincy vineyard.

In contrast, its mean minimum temperature was close to the one of Cluster 3. Cluster 3 was characterized
by light winds and moderate sky coverage, thinking that radiative frost occurred these nights. While it has
been stated that the nebulosity affects the drop of the minimal temperature, it did not seem to affect the
scattering of the temperature as this value is very close for clusters 2 and 3.

 

Table 1
HC results of frost nights recorded in 2020, 2021, and 2022 in the Quincy vineyard

  Cluster 1 Cluster 2 Cluster 3

Number of frost
nights in the Quincy
vineyard

11 13 10

Characteristics of
the cluster

High wind
speed from NE

Low humidity

Low sky
coverage with
no evolution
during the night

High-pressure
situations

Reasonable wind speed from S
/ SO

Humidity upper than average

Blend of nights where the sky is
clear or is strongly overcast
with no evolution or an
uncovering

High- and Low-pressure
situations

Light wind from SE

Humidity upper than
average

Quite strong high-
pressure situations

The sky was overcast
during the night but
with a moderate
coverage

Deduction of the
type of frost

Mix of advective
and radiative
situation

Radiative with nebulosity Radiative with a light
sky covering

Mean minimal
temperature in the
vineyard

-1,75°C -0,99°C -1,82°C

Standard deviation
of the minimum
temperature in the
vineyard

0,98°C 0,88°C 0.86°C

3.2 Topographic data
Figure 3, Step 2 refers to the clustering of plots according to topographic parameters. Topographic
information was collected at temperature sensor locations within the plots constituting the vineyard from
the 5-m accurate DEM. Bottom areas and high plateaus were identi�ed as well as sloping and oriented
�elds. Later in this paper, topographic results are compared with micro-scale temperature HC results to
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identify a similar pattern between temperature distribution and topographic shape for various types of
frost de�ned in the �rst step of the analysis.

Table 2 presents the characteristics of topographic clusters produced by the HC algorithm for the two
sets of parameters. The most relevant parameters are highlighted for each cluster following the p-value.
Cluster 1 from the �rst hierarchical clustering was characterized by a high slope and low altitude, whereas
Cluster 2 from the second hierarchical clustering was characterized by a low slope and high altitude. One
should be vigilant about the order of magnitude of the standard deviation in category which is often close
to the overall one. When comparing a temperature cluster with these two topographic clusters, it could
happen that a majority of the plots could either be constituted of one or another and seemed con�icting.
By comparing the value of each plot with the overall mean, a larger proportion of the percentage of plots
was always found to be above or below the overall average. Results are then con�rmed despite these two
con�icting clusters.
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Table 2
Characteristics of topographic clusters produced by the HC algorithm for the two sets of parameters

First Hierarchical Clustering

Cluster 1

  Mean in
category

Overall
mean

Standard deviation in
category

Overall standard
deviation

P value

Slope 2.83 1.82 1.35 1.33 0.00016

U 0.54 0.39 0.62 0.66 0.25

V 0.44 0.38 0.37 0.53 0.57

Altitude 118.30 122.4 5.68 6.69 0.0024

Cluster 2

  Mean in
category

Overall
mean

Standard deviation in
category

Overall standard
deviation

P value

Slope 1.22 1.82 0.58 1.33 0.099

U -0.36 0.39 0.37 0.66 3.019e-
05

V 0.82 0.38 0.26 0.53 2.38e-
03

Altitude 123.66 122.4 6.98 6.69 0.49

Cluster 3

  Mean in
category

Overall
mean

Standard deviation in
category

Overall standard
deviation

P value

Slope 1.06 1.82 0.86 1.33 0.017

U 0.82 0.39 0.23 0.66 0.0061

V -0.064 0.38 0.52 0.53 0.00052

Altitude 126.48 122.4 4.26 6.69 0.011

Second Hierarchical Clustering

Cluster 1

  Mean in
category

Overall
mean

Standard deviation in
category

Overall standard
deviation

P value

Slope 1.70 1.82 0.89 1.33 0.77

Altitude 112.58 122.4 2.58 6.69 3.78e-
06
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First Hierarchical Clustering

Cluster 2

  Mean in
category

Overall
mean

Standard deviation in
category

Overall standard
deviation

P value

Slope 1.24 1.82 0.73 1.33 7.35e-
04

Altitude 125.55 122.4 4.90 6.69 2.88e-
04

Cluster 3

  Mean in
category

Overall
mean

Standard deviation in
category

Overall standard
deviation

P value

Slope 4.22 1.82 0.85 1.33 1.88e-
06

Altitude 123.40 122.4 2.76 6.69 0.69

Figure 4 presents the two topographic clustering of plots constituting the Quincy vineyard. The �rst HC
considered the altitude, the slope and the U and V exposure, while the second considered the altitude and
the slope only. Low altitude plots are concentrated in the north part of the vineyard and near the Cher
River, whereas few �elds are considered as steep. North-oriented crops concentrate in the middle south of
the vineyard, while east oriented are more likely to be found in the northern part.

3.3 Minimum temperatures HC results
Figure 3, Step 3 aims to analyze the temperature distribution according to the type of frost, whether it is
advective, radiative, or even a blend of two kinds. As a result, frost risk maps are displayed for each frost
type identi�ed, describing the temperature distribution and highlighting hot and cold areas. Some missing
data are recorded and marked on cartography.

3.1.1 Comparison of the temperature spatial variability for
each type of frost
For each cluster, i.e., for each type of frost night, an HC method has been applied on plots according to
the daily minimum temperature recorded. Figure 5 displays the resulting minimum temperature
cartographies for each frost situation.

During nights of Cluster 1, extreme plots concentrated in the south of the vineyard, and foremost the
extremely cold plots, whereas hot plots were spread widely from north to south.
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Temperatures from Cluster 2 were mainly classi�ed as hot or cold temperatures. When speaking about
hot and cold temperatures for this situation, it should be noted, however, that the temperatures on nights
in Cluster 2 were the highest of the three clusters, thus cannot be compare in term of magnitude with
those of the two other clusters. Most of the average temperatures from clusters 1 and 3 dropped below
the average when classi�ed following Cluster 2. Thus, the number of cold plots far exceeds the other two
clusters. These were scattered all over the vineyard with an intense concentration northward, on the edge
of the Cher River, and in the lower elevations.

During nights from Cluster 3, known as radiative frost nights, some cold plots were noticed in the north
part of the vineyard. Three of them were near the Cher River, and one was in a basin that agreed with the
theory that cold temperatures �ow down the slope to the bottom areas and humidity intake enhances air
cooling. Differences could be observed in the spatial variability of temperatures between Cluster 1 and
Cluster 3. Four average temperatures from Cluster 1 fall below the average on the third map, two cold
temperatures (blue dots on map 1) slightly increased (white dots on map 3), and one southward
increased signi�cantly (orange dot on the third map).

The observed slight changes in the temperature spreading highlighted the in�uence of the synoptic
situation (the largest scales) at the local environment scale (micro-scale). Thus, in the Quincy vineyard,
radiative situations seemed to cool the northern part of the domain and mores speci�cally plots near a
water body, whereas blurred situations, blending advective and radiative frost impacted more severely the
southern part of the domain. Nebulosity standardized the temperature and reduced its decline.

It should be highlighted that no matter what kind of frost occurred, some �elds were revealed as
extremely sensitive or not to the temperature drop.

Figure 6 presents the common hot and cold plots for each type of frost identi�ed. Regardless of the frost
situation, eight plots were insensitive to the temperature drop (orange dots), whereas only two were very
sensitive (blue dots). Hot �elds were spread all over the vineyard, with a high concentration noticed in the
south part of the domain. Regarding the cold terrains, one of them was located in a bottom area, and so
forth should be affected by katabatic �ows, whereas the other was located in a terrain that sinks toward a
water body. The lack of dense vegetation near that water body can have enhanced the humidity
circulation and increase the frost risk.

3.4 Linking the minimum temperatures and topography HC
results: Relationship between temperature distribution
topographic situation
Figure 3, Step 4 corresponds to the �nal step of the HC strategy. This stage is responsible for the �nal
results, i.e., linking the frost type to the temperature distribution across the Quincy vineyard by
considering topographic layout.
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For each of the topographic HC results (with and without taking U and V exposure into account), the
number of common plots between a minimum temperature and a topographic cluster was seeking out.
As minimum temperature clusters were already conditioned according to the nature of the frost, it was
then possible to observe a relationship between weather variables, the topography and the temperature
distribution at micro-scale.

Table 3 shows the comparison between plots clustering following minimum temperatures and
topographic parameters altitude, slope, U and V exposure for each type of frost identi�ed previously. Each
topographic and temperature cluster is characterized by the prevailing likelihood parameter between plots
and compared with one another.

Table 3 Comparison between plots clustering following minimum temperatures and topographic
parameters altitude, slope, U and V exposure for each type of frost identi�ed previously 

Table 4 shows the comparison between plots clustering following minimum temperatures and
topographic parameters altitude, slope, for each type of frost identi�ed previously. Each topographic and
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temperature cluster is characterized by the prevailing likelihood parameter between plots and compared
with one another.

Table 4 Comparison between plots clustering following minimum temperatures and topographic
parameters altitude and slope for each type of frost identi�ed previously

3.4.1 Blend of advective and radiative situations
It is recalled that the synoptic situation during the nights of Cluster 1 assumed that the frost was plural,
with a mixture of advection and radiation. Indeed, the sky was clear and did not evolve; most conditions
were anticyclonic or shared between a high and low pressure, and a signi�cant wind from the northeast
was noted.

Of the six most severely affected plots (blue dots), three were oriented to the north and northwest, two
were oriented to the southeast and south, and one �eld had a low altitude and high slope. This was
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consistent with the fact that the northern plots are more exposed to the advective frost winds, while the
western terrains are subject to frost for a more extended period as they do not receive the �rst rays of the
sun. Twenty-two plots constituted a cluster of average temperatures. Low altitudes and high slopes
characterized almost 60% of them (13/22). Indeed, low altitude plots are more minor subject to advective
frost, while high slopes prevent radiative frost due to katabatic �ow. 

However, concerning the warm plots, 4/9 were oriented north and northwest and were located on the top
of plateaus (low slope and high altitude). These plots could therefore have been subject to advective frost
due to their orientation in the �rst instance and their topographical con�guration in the second instance

By studying the location of these plots more precisely, it appeared that two of them were protected by the
nearby northern urbanization, whereas another one was surrounded by forest, hence protected from the
plateau’s strong winds.  

The last one, located to the north, should have been sensitive to advective frost. This underlines that
although this study shows consistent trends, one additional factor, probably local, escapes us and yet is
predominant over all other factors in in�uencing the temperature distribution. To understand this
variability, it seems necessary to re�ne it at the most local scales to consider the presence of forests,
groves, and other slopes that passively redirect temperature �ows. In the same way, the humidity provided
by a river, a water reserve, or simply the surrounding vegetation should be taken into account, as should
the consequences of nearby urbanization (redirection of air�ows, drying of the air, or provision of
humidity, etc.).

It should be noted that none of the low or high-temperature classes were plots with a low altitude. Also,
more than 80% of these two classes were composed of terrains located on plateaus (high altitude, low
slope), underlining the plurality of the frost situation. 

3.4.2 Cloudy radiative situations
Cluster 2 included both anticyclonic and depressive situations. As a result, the sky was either very heavy
or very clear but did not change during the night. Compared to all freezing nights in the dataset, the wind
on these nights was medium but from the south and southwest. The situation was either radiative but
strongly limited by the cloud cover, or weakly radiative due to the mildness of the weather.

More than 50% of the cold plots had a low or medium altitude and a high slope (9/17). Plots with a steep
slope receive more heat during the day and, in addition, may also cool down the most at night. In
addition, the katabatic �ows had the opportunity to cool down on their way down and affect the plots in
their path.

The table 3 shows that exposure was not a predominant parameter in the temperature distribution during
this type of frost situation. Indeed, an equal division was noted for the hot plots between the North and/or
West and South and/or East orientations. According to the comparison of temperature - topography with



Page 16/28

altitude and slope only, more than 80% of the plots (13/16) in the high temperature class had a high
altitude and a very low slope (top of the plateau), which is very consistent with the theory. However, it was
noticeable that almost 50% (8/17) of the low temperature plots also shared this topographical
con�guration. If altitude and slope have a similar weight in the cluster characteristics, altitude has
nevertheless a signi�cant standard deviation of 4.9m. Thus, the plots in this category can be broken
down according to whether they are above or below and close to the overall average (122.4m). Hence,
81% of the warm plots can be divided by 69% (9/13) of the plots with an altitude above the average and
31% (4/13) with an altitude below or close to the average.  Similarly for the cold plots, 50% (4/8) of these
plots had an altitude above average while the other half have a lower or near average altitude. The same
tendency was identi�ed in the comparison with the topographic cluster with low altitudes as it represents
29% of cold plots (5/17) and only 13% of hot plots (2/16). This substantiates the theory that bottom
areas are more sensitive to radiative frost. Even if it is not easily identi�able, one can detect the signature
of the radiative frost in the temperature spatial variability pattern. 

3.4.3 Radiative situations

Nights from Cluster 3 were mainly anticyclonic except one. The sky covered during the night but rarely
above 50% (only 2/10 nights) and featured a weak wind from south east. These frost nights were stated
as radiative with a light covering of the sky and were also the most typical radiative frost nights that
occurred those last three springs. Besides, nights from this cluster were the colder recorded among all the
dataset with a mean minimum temperature of -1.82°C. 

As was noted for the temperatures in Cluster 2, it would appear that orientation was not a major
parameter in the protection of plots against frost, since 44% of the plots with warm temperatures had
both a North and/or West and South and/or East exposure. As for the average or low temperatures, there
was no strong tendency for the exposure parameters to emerge, contrary to the altitude and slope. 

These observations were partially re�ected in the second comparison. Indeed, a correspondence was
observed between the distribution of cold plots following the two topographical HC results as 50% of
plots from cold temperatures cluster were contained in clusters with a low altitude (3/6). Furthermore,
none of the plots preserved from the cold had a low altitude. On the contrary, almost 80% of them were
located on high plateaus (7/9). However, 61% of the plots with average temperatures were high altitude
and low slope plots (11/18), while for the rest, it was more or less 20% in the low altitude (4/18) and high
slope clusters (3/18). This result seemed con�icting since following the �rst topographic HC results, also
50% of this same cluster was found to be part of a low altitude and high slope cluster.  

Moreover, for these two classes, the standard deviation by category is signi�cant (see table 2), and it is
important to underline the numerous plots constituting the high altitude and low slope cluster (23/37).
The 61% and 50% of plots concerned could then be split into a share of plots with below, near and above
average altitude. Table 5 presents the comparison of the elevations of the plots from these two
topographic clusters constituting the average temperatures cluster. Therefore, for the plots with average
temperatures, no clear trend could be seen regarding the altitude.  
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Table 5 Comparison of the elevations of the plots from the topographic clusters constituting the average
temperatures cluster of the radiative frost nights

  Overall share
of the cluster
Temp avg

Number of plots
with below
average altitude

Number of plots
with close average
altitude

Number of plots
with above
average altitude

Cluster high
slope low alt
(from HC 1)

9/18 5/9 3/9 1/9

Cluster low
slope high alt
(from HC 2)

11/18 3/11 3/11 5/11

 

3.5 Minimum temperature and operation of the wind
machines in the Quincy vineyard.
85% of the Quincy vineyard is protected by wind machines. But disparities exist to the point that some
plots are equipped with several machines, while others have not been included in the winegrowers' control
plan. This con�guration makes it possible to compare the temperatures of the protected and unprotected
plots, but also to confront the distribution of the machines with the frost-sensitive or non-frost-sensitive
zones presented previously.

3.5.1 Comparison between plots equipped or not with wind machines
It appears that out of 37 temperature sensors, 8 of them were farther than 300 m to a wind machine, thus
did not catch the effect of a nearby wind machine. In 2021, nights where wind machines operated or not
were registered and allowed to monitor the effect of the wind machines park. Hence, it has been possible
to compare the mean minimum temperatures 

For plots equipped or not with wind machines

On frost nights with and without wind machines operation

Table 6 presents the comparison between mean minimum temperature on plots equipped or not with
wind machines, during nights when wind machines operated or not. It is apparent that, the plots that are
not equipped with a wind machine recorded a colder mean minimum temperature for nights when wind
machines were operating comparing to other plots equipped with machines. During nights when wind
machines operated, temperatures decreased for both type of plots, equipped or not, with -0.29 °C in
average for protected plots and -0.7 °C for unprotected plots. The drop was then more important for plots
not equipped with wind machines, but mostly, this temperature was even colder than the one recorded for
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plot with wind machines even though the opposite was recording during wind machines free frost nights.
For frost nights without WM operation, unprotected plots were hotter by 0.22 °C, whereas for nights with
WM operation, the trend reversed with protected plots being hotter than unprotected one by 0.22 °C.
Hence, wind machines helped prevailing the temperature to drop too far, while unprotected plots
experienced a sharp decrease of temperatures. 

Table 6 Comparison between mean minimum temperature on plots equipped or not with wind machines,
during nights when wind machines operated or not

  Mean minimum temperature on plots
equipped with wind machines

Mean minimum temperature on plots
not equipped with wind machines

Frost night
without WM
operation

-1.18 °C -0.96 °C

Frost night with
WM operation

-1.47 °C -1.69 °C

3.5.2 Temperature spatial variability and location of wind machines:
observations and recommendations.
Wind machines are located throughout the vineyard, with a strong concentration in the center and south-
western part, near a branch of the Cher River. The northern and southern parts of the vineyard are
moderately equipped, and the eastern part not at all. Comparing the siting of the machines and the study
of the temperature spatial variability, it appears that some machines seem well placed, while some areas
would need to be either reinforced with additional equipment or equipped with an anti-frost system.
Figure 7 represents the location of wind machines and wireless temperature sensors in the vineyard. Hot
plots equipped with wind machines are highlighted in brown circles and are therefore zones where one
should not invest time and money in frost control. The northern brown circle is a plot equipped with two
wind machines while it has been seen previously that this plot is an unsensitive plot to any frost
situation. On the contrary, the southern plot within the blue circle should be protected as this plot is
particularly sensitive to any frost situation. On the other hand, some unprotected plots, in green on the
�gure, do not need protection supply, whereas some equipped plots should be better protected (in purple
in the �gure). 

4 Conclusion
The vineyard of Quincy is a site of interest because its topography and its geographical situation offer a
suitable terrain to measure spatial variabilities in varied climatic situations, mixing advective, radiative
and mixed frosts.
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The methodology presented in this paper has made it possible to study the spatial variability of
temperatures in the Quincy vineyard from a network of sensors scattered throughout the territory. In
addition to this particular �eld, it is interesting to underline the possible extrapolation of this methodology,
since through the installation of a network of temperature sensors, all the parameters used in the present
study are available for any other land threatened by spring frost. Moreover, applying the same
methodology to several territories allows to increase the number of data and to reinforce the robustness
of the HC conclusions.

By combining the 37 temperature sensors and the methodology developed, we were able to identify cold
and warm zones for each type of frost. These differ for the most part according to the topography of the
terrain. However, if the majority of the distributed temperatures are in agreement with the theory, there are
also plots with particular behaviors that remain unexplained in this study. Hence, some plots remain
unaffected or on the contrary are very much affected by the drop in temperature. Other plots which would
be expected to have a certain temperature result based on their topographic con�guration are surprisingly
providing the opposite. It is therefore assumed that there are one or more additional factors to be taken
into account in order to fully understand the spatial variability of the temperature at the scale of a
vineyard. If the wind machines cover today 85% of the vineyard of Quincy, there are nevertheless eight
plots which are deprived of it. It has been demonstrated that in 2021, wind machines have reduced the
temperature drop compared to the unprotected plots. Furthermore, it appears that the vast majority of the
machines are correctly placed. However, consistent with the clustering results, adjustments could be
made for more e�cient strive. Thus, one plot should be provided with a machine and four others should
have their contend means reinforced.

Some limitations appear in this study, especially on the quantity of data which is reduced to the last three
seasons, one of which having provided only two nights of frost. Moreover, the coverage of the vineyard in
terms of temperature sensors seems modest for the size of the domain. It is therefore di�cult to obtain
convergent results, but rather to establish a trend. Besides, the weather data were retrieved from a
weather station located 22 km from the vineyard, which seems to be signi�cant given the great variability
that was observed at local scales. Finally, the study of the effect of the towers could only be analyzed on
a few nights of 2021 which, like the previous point, yields a trend rather than converged results.

In perspective of this work, one can note the consideration of further parameters than the minimum
temperature. Indeed, the operation of the wind machines is based on the strength of the thermal inversion
that is gradually developing after sunset. Therefore, in order to locate the machines in the most e�cient
places, it seems essential to repeat the same study, taking into account not the minimum temperature in
the third step of the clustering, but the strength of the thermal inversion, which is de�ned as the difference
in temperature between 1.5 m and 15 m of height. Our study identi�es the plots that need to receive
special care in frost protection, and it seems justi�ed to complete it by identifying the areas where the
machines are the most e�cient, i.e., where the thermal inversion is 1.5°C or more. This would allow to �nd
interesting compromises between the most critical sectors to be protected and the sectors providing the
most favorable conditions for the use of wind machines.
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Figures

Figure 1

Left: Location of the vineyard of Quincy in France. Right: Map of the Quincy vineyard with locations of
wind machines (red dots) and temperature sensors (blue dots). Borders are delimited with solid black
lines
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Figure 2

Histograms of the topographic data at sensor locations in the Quincy vineyard showing the frequency of
plots following the: a) elevation, b) slope, c) U orientation, d) V orientation. The data source is a 5-m
accurate DEM from French National Institute of Geographic Information
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Figure 3

Scheme of hierarchical clustering analyze strategy to study the temperature spatial variability in the
Quincy vineyard during frost events
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Figure 4

Topographic clustering of plots in the Quincy vineyard. De�ned at temperature sensor locations from 5-m
accurate DEM.

Figure 5

Cartographies of the temperature spatial variability for different types of frost in the Quincy vineyard for
a) mixed frost situations, b) radiative situations with signi�cant nebulosity and c) radiative situations
with a light nebulosity
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Figure 6

Common hot and cold plots for each type of frost identi�ed
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Figure 7

Recommendation on wind machines locations throughout the Quincy vineyard. Green circles represent
plots without WM and which do not need it. Plot within the blue circle should be provided with a frost
control system as well as plots within purple circles should receive extra frost control supplies. Finally,
plots within brown circles should receive less attention in the frost �ght


