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Modelling the microclimate of a Saxonian terraced vineyard with ENVI-met
Modellierung des Mikroklimas eines sichsischen Terrassenweinbergs mit ENVI-met
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Summary: Saxony is one of the northernmost winegrowing regions in Europe. Most
of its vineyards are located on steep slopes in the Elbe valley. Therefore,
microclimatic conditions in the vineyards are of major importance for viticulture. In
this study the applicability of the computing program ENVI-met in simulating the
microclimate of vineyards was tested. Initially designed for urban areas, here we used
this software to simulate the microclimate for a typical Saxonian vineyard. For this
purpose, a 3D model of the vineyard was created and all input parameters needed for
the simulations concerning climate, soil, vegetation etc. were implemented. In this
paper a sensitivity analysis and first results on daily courses and the spatial distribution
of several climatic and physiological variables are presented. The daily courses of
climatic and physiological parameters obtained by the simulations for a typical
summer day (18" July 2019) were consistent with theoretical assumptions and
literature. The model application to variations in input parameters or changes in
vineyard structure offers new opportunities to estimate the effects of specific
management practices on microclimate and the performance of vines in vineyards.

Keywords: Weinberge, Mikroklima, Weinbau, Modellierung, Sachsen / vineyards,
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1. Introduction

Understanding the effect of vineyard structure, composition and agricultural practices on microclimate could
help winegrowers in their management choices. This becomes especially important for adapting to climate change
impact. Up to know, many studies have shown the impact of management practices on vineyard performance. For
instance, ground and canopy management largely influences soil properties and water status (Celette et al. 2008;
Steenwerth & Belina 2008; Sharifi et al. 2018; Vukicevich et al. 2018; Guzman et al. 2019; Gattulo et al. 2020),
another example is row orientation which modifies wind direction and speed but also humidity and vine
transpiration (Bodor et al. 2014; Hunter et al. 2016, 2020). Using the ENVI-met software to model microclimatic
situations in vineyards, we investigated several management scenarios to analyse their effects on vineyard
microclimate and vine performance (e.g., physiological status).

ENVI-met is a computing program initially designed to simulate microclimate in urban environments (Bruse
& Fleer 1998). It has been created for architects and urban management to investigate the effect of building
materials and structures on urban microclimate. In particular it can help in preventing the building up or
reinforcement of urban heat islands (Deilami et al. 2018). Also, as viticulture is highly dependent on the local
climate (temperature, solar radiation, humidity) which greatly influences wine production, quality and taste
(Marais et al 1999, 2001; Lee et al. 2007), we decided to use the software to model microclimate in the context of
a vineyard. In particular, being able to understand and model the effect of vineyard management on the
microclimate and the performance of vineyard could be very useful in the perspective of climate change and
temperature rise (Hannah et al 2013; Fraga et al 2015; Aragon-Durand et al. 2018; Santos et al. 2020).

Wine growing regions are not equally distributed all over the world and their climatic environment is not the
same worldwide (Jackson 2014). In this study we focussed on the wine growing region of Saxony. This is one of
the northernmost wine-growing regions in Europe with only 500 ha of vineyards (DWI12020; LfULG 2020) located
along the river Elbe in the South and North of Dresden between Pirna and Diesbar-SeuBlitz. As most of the
Saxonian winegrowers work part-time or as hobbyists, this region only counts about 40 full-time wineries (LfTULG
2020). Many of the steep vineyards have terraces with dry stone walls to interrupt the slope and make the vineyards
cultivable (Weinbauverband Sachsen 2016). Most of them have a south-east to south-west aspect to take advantage
of the higher temperatures and the longer exposition to sunlight.

Using the free version of the software ENVI-met 4.0 (Huttner & Bruse 2009) we simulated the microclimate
in a typical Saxonian vineyard with all its elements (ground cover, slopes, walls, etc.) to estimate the applicability
of this software to vineyards. Here we present the basic results obtained from a sensitivity analysis and the
implementation of a model vineyard.
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2. Study area and Materials

2.1 Study area: the Friedstein vineyard

The vineyard we used as basis for modelling was the smaller section of the Friedstein vineyard (named Friedstein I,
see Fig. 1) located in Radebeul. It has been reconstructed and recultivated by Martin Schwarz in 2009 after being
abandoned for about 80 years (Martin Schwarz, pers. comm.). This vineyard consists of three main terraces with
several smaller terraces and three walls (Fig. 1). It well represents traditional vineyards from this region. Moreover,
it is relatively new and regular which is an advantage for the implementing in ENVI-met as the program only
allows basic design and parallel structures. The walls in the vineyards are rather parallel, quite new and therefore
have more or less the same color. Due to these properties comparable to urban green areas, coupled with available
information on geology, soil and climate, we chose this vineyard for a first application of ENVI-met to vineyards.

2.2 Climate data

All climate data are from the German Climate Data Centre (DWD 2020). In particular we used data from the
Dresden-Hosterwitz meteorological station, a station in the south-east of Dresden in the Elbe valley and in the
vicinity to vineyards. We downloaded hourly and daily air temperature, relative humidity and we calculated the
daily mean for wind speed and direction at 10 m height. For soil data we also used the German Climate Data
Centre (DWD 2020) to get values for soil temperatures and soil moisture at 10 cm, 50 cm and 1 m depth. We
decided to model a typical day of July (18" of July 2019) with an average daily temperature of 22.4°C (Fig. 2).
This day has been chosen as it happens in the middle of the reproductive period (Jackson 2014), between flowering
and veraison. All the results will be shown in degree Celsius.

Fig. 1: Aerial photo of the modelled
part of the model vineyard
Friedstein I: 51°06'55.6"N
13°3739.7"E ~ (Radebeul, Elbe
valley, Saxony) (Source: Google
Earth Geobasis-BE/BKG ©2009).

Abb. 1: Luftaufnahme des model-
lierten Weinbergs Friedstein I:
51°06'55.6"N 13°37'39.7"E (Rade-
beul, Elbtal, Sachsen) (Quelle:
Google Earth Geobasis-BE/BKG
©2009).

30

Fig. 2: Daily course of air
temperature for the modelled
typical day in July (18" of July,
2019) (data source: DWD,

meteorological station Dresden-
—o—Representative day of July (18th July 2019) Hosterwitz).

Abb. 2: Tagesverlauf der Lufttem-

5 4 peratur fiir den modellierten typi-

schen Julitag (18. Juli 2019)

0 T T T T T T T T T (Datenquelle: DWD, Wetterstation
0 2 4 6 8 10 12 14 16 18 Dresden-Hosterwitz).

Hour of the day

Air temperature (°C)
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2.3 ENVI-met software

To implement the 3D model of the vineyard we used the SPACES software which is part of ENVI-met. This
feature allows the creation of multiple objects such as vegetation, buildings or walls and it permits the
implementation of a digital elevation model. For model computation we used ENVI-met V4.0 Preview II (Huttner
& Bruse 2009). The average computation time was about 12 hours. All analyses were made using the LEONARDO
3.0 software from ENVI-met. The workflow used for modelling is shown in Fig. 3 and details about database
implementation and area input file are available in chapter 3.

2.4 Evaluation of model results

The first category of variables studied were climate variables such as wind speed, air temperature and relative
humidity, solar radiation balance (direct radiation + diffuse radiation — reflected radiation), soil moisture and soil
latent heat flux. Vapor pressure deficit (VPD) was calculated using the Tetens equation (Monteith & Unsworth
2013) that is highly precise for temperature between 0°C and 50°C (Lide 2005). The second category were
variables representing plant (here: grapevine) conditions or physiology. First, vine leaf temperature which is an
indicator of plant water stress (Dhillon et al. 2014). Second, stomatal conductance (or resistance) which is also an
important physiological variable that measures the rate of passage of carbon dioxide (CO») entering, or water vapor
exiting through the stomata of a leaf. It is a function of stomatal density, stomatal aperture, and stomatal size
(Zeiger et al. 1987) and changes in maximum values can also be used as an indicator of plant water deficit
(Oosterhuis & Walker 1987). Third, CO: flux and vapor flux were simulated to analyse photosynthesis and
transpiration. Water use efficicency (WUE), which is defined as the amount of carbon assimilated per unit of water
used, was also calculated with these variables.

Table 1 shows the typical or optimal range for grapevine obtained from literature for each of the variables that
have been modelled. All the variables described above were analysed with time series from 0.00 am to 19.00 pm.

| / INPUT DATA \ \
\ Area input file (.INX) [ ENVI-MET MODEL ]
DATABASE .
Soil
Materials Plant
‘ . Bulldlr.mgs / OUTPUT \
Buildings Digital elevation model
Model resolution
Soil Surface area Time series
] 3D-maps
Profile
Configuration file (.SIM) Microclimate data
Plant Physiological data
Time and date
Model timing
Meteorology
Boundary condition

\_ J

Fig. 3: Workflow in ENVI-met: The first step is to implement the ENVI-met database with parameters of the surface structures
(material), soil and plants. Then, an area input file ((INX) is needed with all the elements to design the 3D model of the studied
area. A configuration file (.SIM) is also created with the initial data for meteorology and model timing. Then the simulations
can be run with ENVI-met. Finally, the outputs can be shown as time series or 3D-maps for both climate and physiological
data.

Abb. 3: Arbeitsablauf in ENVI-met: Im ersten Schritt werden die Parameter fiir die Oberflachenstruktur (Material), den Boden
und die Pflanzen in die ENVI-met-Datenbank eingetragen. Anschliefend wird ein area input file (.INX) mit allen
Strukturelementen benétigt, um ein 3D-Model der Untersuchungsfldche zu erstellen. Zudem wird ein configuration file (.SIM)
mit den Eingangsdaten fiir Meteorologie, Zeitpunkt und Daten erstellt. Dann koénnen die Simulationen in ENVI-met gestartet
werden. Die Ergebnisse konnen in Form von Zeitreihen oder 3D-Karten bzgl. der mikroklimatischen und physiologischen
Parameter ausgegeben werden.
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Table 1: Typical values for several parameters and variables. The optimal range refers to the values maximizing grapevine
growth and photosynthesis, the common range refers to observed values in vineyards.

Tabelle 1: Typische Werte fiir verschiedene Parameter und Variablen. Der optimale Bereich bezieht sich auf geeignete Werte
fiir eine Maximierung von Wachstum und Photosynthese der Weinreben; der allgemeine Bereich bezieht sich auf iiblicherweise
gemessene Werte in Weinbergen.

Variable Optimal range Reference

Leaf temperature 25 to 30°C Greer (2012)
Water use efficiency 2to 6 gCO2/L Flexas et al. (2010)
Vapor pressure deficit 0.8 to 1.2 kPa Koverda (2020)
Stomatal conductance 165 to 665 mmol/(m?*s) Zeiger et al. (1987)
Variable Common range

CO2 flux 220 to 400 mg/(m?*s) Greer (2012)
Transpiration 20 to 100 mg/(m**s) Greer (2012)
Wind speed 1to 6 m/s Piennar (2005)

Table 2 and Fig. 3 show at which height and for which area we analysed the data for each variable.

Table 2: Height of observation layer and observed area for each variable studied.
Tabelle 2: Hohe der betrachteten Ebene und betrachtete Fliche.

Studied variable Height of observation Observed area

Stomatal conductance 1.5m Upper height of grapevines
Leaf temperature 1.5m Upper height of grapevines
Vapor flux 1.5m Upper height of grapevines
CO2 flux 1.5m Upper height of grapevines
Wind speed From ground to 15 m See Fig. 6b

Relative air humidity 0.5m See Fig. 6a

Soil moisture 0.005 m See Fig. 6a

Air temperature 1.5 m (grapevine height) See Fig. 6a

(a)

g

Fig. 4: Area used for the analysis of (a) air temperature, relative air humidity, soil moisture and soil latent heat flux, (b) wind
speed.

Abb. 4: Genutzte Bereiche fiir die Analyse von (a) Lufttemperatur, relative Luftfeuchtigkeit, Bodenfeuchte und latenter
Wiérmefluss vom Boden, (b) Windgeschwindigkeit.
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3. Methods: Implementation of ENVI-met for the model vineyard Friedstein I

3.1 Vegetation types and characteristics

First of all, we defined grapevine rows by parameterizing grapevine plants in the ENVI-met database. For the
growth height, based on field observations, we chose 1.5 m as an average value and we used 2.0 m for the root
zone depth. Leaf albedo was set at 0.28 as found by Pieri & Gaudillére (2003). Additionally, ENVI-met needs a
leaf area density (LAD) profile, i.e. it separates grapevine in 10 vertical layers with a LAD value for each layer.
Leaf area density (LAD, m*m?) is defined as the one-sided area of leaves per unit volume (Jonckheere et al. 2004).
To estimate the mean LAD we divided the leaf area index of 1.50 m?m? (from Fuentes et al. 2014) by the average
growth height. Then we estimated the proportion of maximum leaf area available for each layer (100 % for the
layer with the most important leaf area) and assigned the LAD value for each layer according to its contribution
to the total leaf area. The results for grapevine are shown in Table 3. Layer 9 and 10 without LAD represent the
leafless sections in the lower part of the trunk above the ground.

In order to test the effect of ground cover on vineyard microclimate, we implemented ground vegetation
parameters in the ENVI-met database. In a previous study, Benyr (2018, unpubl.) provided a habitat and vegetation
map for the Friedstein vineyard. Based on this and other data on groundcover vegetation of Saxonian vineyards,
we defined several vegetation types according to their phenological and structural characteristics. For the
modelling we used a type of low-growing plant species (LG) and a type with high growing species (HG) (Table
4): Whereas the LG type was mainly composed of perennial species well adapted to dry, warm and nutrient poor
conditions such as Crassulaceae (e.g. Sedum acre) or species with rosettes such as Pilosella officinarum, the HG
type was dominated by several perennial herbs and grasses typical for mesophilic sites. For the growth height of
the two vegetation types we referred to data of Benyr (2018, unpubl.), Weber (1997, unpubl.), Zéphel & Mahn
(2000), and own field measurements. For albedo the base value already implemented for grass in ENVI-met (0.20)
was kept. As there were no data for LAD values of grassland or ground vegetation, we had to use estimated values
based on field data from Benyr (2018, unpubl.) for vegetation cover (%) and the sum of abundances of all species
per plot. Table 4 shows that, for both vegetation types, the sum of abundances is only slightly higher than the
vegetation cover. This indicates that there was very low spatial overlap of the plant parts in the stands.
Nevertheless, the vegetation cover probably underestimates the real LAI, specifically for the HG type with its
numerous species of different growth forms. The large differences in LAD are resulting from the different growth
heights of the two vegetation types (Table 4). Additionally, we tested the effect of total ground cover (FC: full
cover) vs. cover only in interrows (PC: partial cover) vs. bare soil (BS).

Table 3: Values used for the calculation of grapevine LAI (leaf area index) and LAD (leaf area density) for each layer.
Tabelle 3: Verwendete Werte zur Bestimmung des LAI (Blattflachenindex) und des LAD der Weinreben (Blattflachendichte)
pro Layer.

Layer Layer's height (m) Percentage of Percentage of leaf LALI for layer i LAD on volume i
maximum leaf area  area available for (m?/m?) (m?/m3)
available in layer i layer i
1 0.15 90% 15% 0.23 1.50
2 0.15 100% 17% 0.25 1.67
3 0.15 100% 17% 0.25 1.67
4 0.15 100% 17% 0.25 1.67
5 0.15 90% 15% 0.23 1.50
6 0.15 70% 12% 0.18 1.17
7 0.15 40% 7% 0.10 0.67
8 0.15 10% 2% 0.03 0.17
9 0.15 0% 0% 0.00 0.00
10 0.15 0% 0% 0.00 0.00
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Table 4: Characterization of the vegetation types used for the modelling based on Benyr (2018 unpubl.) and own field
observations.

Tabelle 4: Charakterisierung der fiir die Modellierung verwendeten Vegetationstypen basierend auf Benyr (2018 unpubl.) und
eigenen Beobachtungen.

Vegetation types Low-growing species type (LG) High-growing species type (HG)
SRR SRR S SR R B S G DT > . 0
Wik e

Parameters
Site conditions warm, dry, nutrient poor and acidic warm, mesophilic (medium soil moisture,
nutrient content and acidity)
Characteristic species Pilosella officinarum Echium vulgare
(examples) Vicia angustifolia Melilotus albus
Potentilla argentea Daucus carota
Poa angustifolia Artemisia vulgare
Sedum spp. Achillea millefolium
Festuca rubra
Species richness low to medium high
Dominating species perennial herbs dominating, perennial herbs and grasses
only few grasses
Mean growth height (cm) 20 50
Mean vegetation cover (%) 80 70
Mean sum of species 90 92
abundances (%)
Estimated LAI (m*/m?) 0.8 0.8
Estimated LAD (m?*/m%) 3.2 1.12

As a last step in implementing the plant database, we created a “fictive plant” combining grapevine and ground
vegetation to model the case in which there is vegetation just below the grapevines (“Unterstockbereich”). We
used the height and albedo for grapevine, and we added the LAD of ground vegetation in the corresponding layer(s)
(depending on the height of the vegetation type).

3.2 Implementation of soil parameters

To create the soil profile in the database manager, we used data about Saxonian vineyards (LfULG 2017) on
soil composition of the upper 2 m. As it was mainly sand with some loam, we defined a mixed soil profile with
many sandy layers and some loamy sand layers for the implementation of soil profile parameters in ENVI-met.
Furthermore, we implemented the properties of the soil surface as follows: (1) Soil roughness length is equivalent
to the distance from maximum height of soil to the level at which the wind speed theoretically becomes zero
(American Meteorology Society 2019). It is affected by soil composition and soil management (da Rocha Junior
et al. 2016). ENVI-met needs a single average value and we used both literature data (Kwast et al. 2013; Jiang &
Weng 2016) and the ENVI-met database to estimate this parameter for our soil (roughness length = 0.020 m). (2)
Soil albedo is the proportion of solar radiation reflected from soil surface relative to total incoming solar radiation
(Dobos 2011). It depends on many parameters such as composition and tillage (Oguntunde et al. 2006). The
vineyards” soil surfaces (upper 5 cm) are described as rather dark due to the humus contents (LfULG 2017). Thus
we decided to use the albedo from a sandy soil with humus from the literature (soil albedo = 0.16, Stoutjesdijk &
Barkman 2014). (3) Soil emissivity measures the efficiency in which a surface emits thermal energy. It is defined
as the fraction of energy being emitted relative to that emitted by a thermally black surface (Qin & Karnieli 1999).
For our model we used an average value (0.93) from the literature (Qin & Karnieli 1999; An et al. 2017).
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3.3 Implementation of wall parameters

In ENVI-met there are different ways to implement walls: single walls and buildings. As single walls are only
meaningful when located on buildings, we used building elements as walls instead of single walls. A field
excursion revealed that walls are mainly built by syenite, which is similar to granite. We defined a new material
corresponding to granite in the ENVI-met database and implemented the multiple properties needed (Table 5).
Finally, as a wall is on average 1 m thick and as, in ENVI-met, it is composed of three layers, we chose to
implement a default thickness of 35 cm for the basic granite material.

Wall albedo varies with the colour of the surface which depends mainly on the age of the wall (see Fig. 5). For
example, Synnefa et al. (2009) have shown a difference in solar reflection of about 0.18 between a beige and a
dark green asphalt layer. So, we decided to implement a difference of 0.15 in the albedo between new walls (beige,
albedo = 0.30) and old walls (brown to black, albedo = 0.15).

3.4 Implementation of the digital elevation model (DEM)

The Friedstein vineyard is located on the Elbe valley and has a rather steep slope consisting of three main
terraces with several mini-terraces. We needed to implement the DEM for the vineyard in order to take the slope
into account. We uploaded a 20 cm resolution orthophoto, and a 1 m resolution DEM for the model vineyard (data
available on Geoportal Sachsen 2016a,b). As ENVI-met has a minimum vertical resolution of 1 m for the DEM,
it is not able to model continuous slopes. Thus, we simplified the raw DEM to obtain three main terraces with
several mini-terraces and with one grapevine row per mini-terrace (Fig. 6).

Table 5: Granite parameters used for the implementation of wall parameters in ENVI-met.
Tabelle 5: Verwendete Parameter fiir den Granit zur Implementierung der Mauerparameter in ENVI-met.

Property Value used Reference

Reflection 0.30 (Dobos 2011)

Absorption 0.70 (Dobos 2011)

Emissivity 0.45 (Engineering ToolBox 2003b)
Specific Heat 790 J/(kg*K) (Engineering ToolBox 2003c)
Thermal conductivity 3.07 W/(m*K) (Cho et al. 2009)

Density 2750 kg/m3 (Engineering ToolBox 2003a)

Fig. 5: Pictures showing vineyard walls of different age and color: (a) new wall, (b) old wall, (c) wall with different alteration
degree (Photos: A. Noirault).

Abb. 5: Fotos von Weinbergsmauern unterschiedlicher Alterung und Farbung: (a) neue Mauer, (b) alte Mauer, (c) Mauer mit
verschiedenen Verfarbungen (Fotos: A. Noirault).
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Fig. 6: Model of the chosen study vineyard. This is a DEM of 1 m resolution with three terraces and several mini-terraces with
one grapevine row each.

Abb. 6: Modell des ausgewdhlten Testweinbergs. Es zeigt ein Hohenmodel von 1m Aufldsung mit drei Hauptterrassen des
Weinbergs und mehreren Kleinterrassen mit jeweils einer Rebzeile.

3.5 Creation of the 3D-model with SPACES

The first step for modelling was to create an .INX file by the Spaces ENVI-met module. We created a grid with
the same dimensions as the modelled part of the Friedstein vineyard, i.e., x = 65 m, y = 49 m. We then chose z = 39
and a horizontal resolution dz = 1 m with a telescoping factor of 20 % above a height of 16 m. These values enable
a model top at 314.63 m and ensure a higher resolution in the first/lower layers where grapevines are present.

To design the 3D models and enable comparisons between different scenarios of interest, we used a simplified
basic model of a vineyard. We started by creating this basic model with the DEM, the grapevine rows, walls, and
buildings at the same positions as in reality (see Fig. 1). To place grapevine rows and walls we used a 20 cm
orthophoto (Geoportal Sachsen 2016b) imported into SPACES. We finally added a soil profile corresponding to
the vineyard soil of the model vineyard (see above). The definition of the scenarios to test the different conditions
was made by modifying this basic file (addition of particular ground cover, modification of wall colour). Fig. 6
shows the .INX file corresponding to a complete ground cover.

4. Results I: Sensitivity analysis

4.1 Objectives and Principles

The parameters which have to be defined in the ENVI-met database before starting the simulation are shown
in Table 6. Among these input parameters some are kept constant in the different scenarios and model configura-
tions. Then, in order to understand how the parameters affect the results, i.e. to what extent ENVI-met is sensitive
to these parameters, we conducted a sensitivity analysis with variation of parameters.

Table 6: Parameters defined in the ENVI-met database manager.
Tabelle 6: Verwendete Parameter im ENVI-met Datenbankmanager.

Climatical variables Vegetation parameters Soil and wall physical properties

Constant parameters

Relative air humidity LAD LG Soil profile

Wind speed at 10 m LAD HG Soil roughness

Wind direction LAD grapevine Soil emissivity

Soil moisture 0-20 cm LAD LG + grapevine Wall thickness

Soil temperature 0-20 cm LAD HG + grapevine Wall height

Variable parameters

Initial air temperature Ground cover height Wall albedo
Ground cover albedo Soil albedo
Ground cover LAD
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4.2 Procedure of the sensitivity analysis

In the sensitivity analysis we focussed on the variable parameters defined in Table 6. In a first step we defined
the variation range of each parameter (Table 7). For soil, granite and ground cover albedo we got data from the
literature (Dobos 2011). For the range of initial air temperature we used the maximum and minimum daily mean
air temperature obtained from the German climate data centre (DWD 2020). For the LAD we used our own
calculated data (see 3.1) for several vegetation types to estimate a range. The values used in the sensitivity analysis
were chosen in order to have a high and a low value and to have a simple relation between these values (e.g. x5,
x10, +50 %) (Table 7). Finally, we computed two different simulation scenarios (using the two extreme values
defined in Table 7) for each of the seven parameters tested. All the other parameters were kept constant so that the
variation in micro-climatic parameters between the two scenarios can only be explained by the parameter in
variation. The initial values implemented for all 14 scenarios are shown in Table 8.

For the sensitivity analysis, we chose a simplified 3D-area to reduce the run-time for the simulations and to
make the interpretation of the results easier. We designed a flat vineyard with three grapevine rows and a single
wall (Fig. 7). The dimensions of the grid used are x = 15 m, y = 10 m and z =30 m. The horizontal resolution is
dz=0.5m.

Table 7: Common observed range and minimum/maximum values used for each parameter tested during the sensitivity
analysis.

Tabelle 7: Allgemein bekannter Wertebereich und verwendete Minimal-/Maximalwerte in der Sensitivititsanalyse.

Parameter Common range  Chosen low value  Chosen high value
Initial air temperature -2°Cto 28°C 12.4 22.4
Ground cover height 5—100 cm 10 100
Ground cover albedo 0.16-0.27 0.18 0.27
Ground cover LAD 0.5 — 4.0 m*m? 0.5 5.0
Wall albedo (granite) 0.15-0.35 0.15 0.30
Soil albedo 0.05-0.50 0.05 0.50
Ground cover 0-100 % 0 100

Table 8: Summary of tested parameters and initial conditions used in each simulation scenario of the sensitivity analysis. Bold
= low and high values of each parameter tested (see Table 7).

Tabelle 8: Uberblick iiber getestete Parameter und verwendete Anfangsbedingungen fiir jedes Simulationsszenario der
Sensitivititsanalyse. Fett = niedriger und hoher Wert des jeweils getesteten Parameters (Table 7).

Initial Ground Ground Ground Wall Soil Ground
air temp. cover cover cover albedo albedo cover

(°O) height albedo LAD (granite) (%)
Parameter (cm) (m*/m%)
Low initial air temperature 124 20 0.2 1 0.3 0.16 100
High initial air temperature 224 20 0.2 1 0.3 0.16 100
Low ground cover height 20 10 0.2 1 0.3 0.16 100
High ground cover height 20 100 0.2 1 0.3 0.16 100
Low ground cover albedo 20 20 0.18 1 0.3 0.16 100
High ground cover albedo 20 20 0.27 1 0.3 0.16 100
Low ground cover LAD 20 20 0.2 0.5 0.3 0.16 100
High ground cover LAD 20 20 0.2 5 0.3 0.16 100
Low wall albedo (granite) 20 20 0.2 1 0.3 0.16 100
High wall albedo (granite) 20 20 0.2 1 0.15 0.16 100
Low soil albedo 20 20 0.2 1 0.3 0.05 100
High soil albedo 20 20 0.2 1 0.3 0.5 100
Ground cover 20 20 0.2 1 0.3 0.16 100
Ground cover 20 20 0.2 1 0.3 0.16 0
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Fig. 7: Picture of the vineyard model used in the sensitivity

analysis (one terrace, one wall, three rows of grapevines).

Abb. 7: Darstellung des in der Sensitivititsanalyse ver-

wendeten Weinbergmodels (eine Terrasse, eine Mauer, drei
{ f

Rebzeilen).

We run all these models in ENVI-met for a single day and we analysed the results with Leonardo. To analyse
the results and understand the sensitivity of ENVI-met to each parameter we compared the two models of a pair
(comparison of the outputs obtained between a model with a low value for the tested input parameter and another
model with a high value for this parameter). Leonardo enables the comparison of two models by calculating the
relative change between the two resulting microclimate variables.

The first step for each model was to determine at which time of the day the difference between the two models
was the highest. For most of the tested parameters, the highest difference in micro-climate was observed around
1.00 p.m. or 2.00 p.m. Thus, we used the results from these times of day to analyse the sensitivity of our model to
the various parameters. The second step was to calculate the relative change for several climatic variables between
the two models of each pair. Indeed, the sensitivity of ENVI-met to a parameter may be different for each climate
variable. For instance, solar radiation, air temperature or leaf temperature could be differentially affected by the
input parameters and consequently sensitivity would be different for the various climate variables. We decided to
analyse the relative change for several micro-climatic and physiological variables: air temperature, relative
humidity, solar reflection, leaf temperature, vapor flux, CO: flux and stomatal conductance. Finally, we studied
the relative change between models of the seven variables at three different heights from ground level to 1 meter,
because the highest differences were always observed in these base layers. We only considered the maximum
relative change for each micro-climatic or physiological variable among all vertical layers studied.

After extracting the relative change, the sensitivity was calculated by dividing the percentage change in output
by the percentage change in input. We calculated the sensitivity of each micro-climatic or physiological variable
for each parameter tested. The analysis of the results was done in two different ways: For each parameter we
analysed which microclimatic or physiological variable was the most affected; for each microclimatic or
physiological variable we analysed which parameter was the most influential.

4.3 Results of the sensitivity analysis

Table 9 shows that the sensitivity of each output variable highly depends on the input parameter. For example,
air temperature is highly affected by the initial temperature of the model (sensitivity = 0.48) but, it is nearly
insensitive to the other parameters (sensitivity < 0.1). On the contrary, the sensitivity to a given parameter highly
depends on the output variable in study. For instance, wall albedo highly affected solar reflection, but had almost
no effect on leaf or air temperature. The most sensitive variables were stomatal resistance, solar reflection and CO:
flux, whereas relative humidity, vapor flux and leaf temperature are the least sensitive variables in regard to the
input parameters used (Table 9). As a result of the sensitivity analysis, soil albedo showed no effect on any of the
output variables, ENVI-met may not take it into account when vegetation is present. Finally, as the totality of
sensitivity values were smaller than 1, in all cases the percentage variation in output variables is reduced compared
to the percentage variation in initial parameters.

Table 9: Sensitivity of each output variable to the seven tested input parameters. Bold = highest sensitivity for each tested
parameter.

Tabelle 9: Sensitivitidt der simulierten Variablen gegeniiber den sieben getesteten Eingangsparametern. Fett = hochste
Sensitivitét des jeweils getesteten Parameters.

Variable

Air Relative Solar Leaf Vapor CO:; flux Stomatal
Parameter temp. humidity  reflection temp. flux resistance
Vegetation albedo 0.05 0.16 0.00 0.04 0.08 0.16 0.25
Vegetation height 0.01 0.02 0.12 0.00 0.00 0.01 0.02
Vegetation LAD 0.01 0.6 0.22 0.02 0.02 0.04 0.11
Wall albedo 0.01 0.02 0.27 0.02 0.03 0.07 0.09
Seil albedo 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Initial temperature 0.48 0.26 0.02 0.31 0.09 0.53 0.48
Ground cover 0.02 0.11 0.41 0.06 0.20 0.34 0.56
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If one studies which output variable is the most affected for each input parameter, it can be shown that
vegetation albedo mostly affects stomatal resistance (sensitivity = 0.25) whereas vegetation height and LAD
mainly affect solar reflection. Wall albedo mainly affects solar reflection and initial temperature, which is the most
influential input parameter, affecting grapevine’s physiological variables CO2 flux, stomatal resistance and leaf
temperature as well as air temperature and relative humidity (Table 9). Furthermore, it could be shown that the
presence of ground vegetation mostly affects stomatal resistance but also solar reflection.

We transformed the absolute values from the previous table to get values in percentages of the total sensitivity
(Table 10). In this way we could assess the portion of output variation explained by a given parameter. This enables
to understand which parameter is the most influential for each output variable. As expected, for air temperature
the most influential input parameter was the initial value chosen for temperature, representing more than 80 % of
the variation explained by the tested input parameters (Table 10). This was also true for relative humidity (40 %
of the variation explained, Table 10) due to the interrelationship between relative humidity and air temperature.
These conclusions must also apply to vapor pressure deficit (VPD) as it considers both parameters. Vegetation
characteristics explained around 13 % of the variation in air temperature and particularly vegetation albedo
explained almost 40 % of the variation in relative humidity (Table 10). Solar reflection is highly affected by wall
albedo and the presence or absence of vegetation. This was expected as these two parameters correspond to
variation in solar reflectivity properties (granite and “soil” albedo). However, vegetation albedo has almost no
effect on reflected radiation (Table 10) which indicates that vegetation LAD is more important as it represents
structural complexity and can explain a great part of the absorption. Concerning the vine physiological parameters
calculated by ENVI-met, vine leaf temperature is mainly influenced by initial air temperature, but also to a much
lesser extent by presence of vegetation cover. Vapor flux, CO> flux and stomatal resistance are quite similar and
highly sensitive to presence of vegetation cover and initial air temperature (Table 10).

Table 11 shows that vegetation characteristics affect climate parameters in the same way. Relative humidity
was proportional to vegetation height, LAD and albedo, whereas air temperature, leaf temperature and stomatal
resistance were inversely proportional to these parameters. Solar reflection and leaf temperature both increased
with wall albedo, the presence of vegetation increased relative humidity, but decreased solar reflection. We can
also see dependencies between variables: For instance, when air temperature decreases, leaf temperature decreases
too and relative humidity increases; when stomatal resistance is lower, vapor flux and plant CO: flux increase.

Table 10: Percentages of explained variation related to total variation explained by the tested parameters. The sum of the
percentage of each column is 100 %. Bold = Percentage of to the most influential parameter for each output variable.

Tabelle 10: Prozentanteile der erklédrten Varianz bezogen auf die erklarte Gesamtvarianz pro getestetem Parameter. Die Summe
jeder Spalte ergibt 100 %. Fett = Prozentanteil des Parameters mit dem hdchsten Einfluss auf die jeweilige Variable.

Variable

Air Relative Solar Leaf Vapor CO; flux Stomatal
Parameter temp. humidity reflection temp. flux resistance
Vegetation albedo 9.01 25.62 0.12 9.05 18.24 13.97 16.69
Vegetation height 2.16 3.74 11.37 0.91 0.57 0.95 1.39
Vegetation LAD 2.03 9.50 21.48 3.63 4.47 3.84 7.25
Wall albedo 1.25 3.36 25.65 3.79 7.94 6.35 6.19
Seil albedo 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Initial temperature 82.18 40.96 1.58 69.45 20.67 45.45 31.54
Ground cover 3.36 16.82 39.81 13.17 48.10 29.43 36.95

Table 11: Summarized overview of the relationships between input parameters and output variables. A positive relationship,
N negative relationship, — no effect.

Table 11: Zusammenfassende Ubersicht iiber die Beziehungen zwischen Eingangsparametern und den Output-Variablen.
71 positive Beziehung, N negative Beziehung, — kein Effekt.

Variable
Air Relative Solar Leaf Vapor flux CO; flux

Parameter temperature humidity reflection  temperature

Vegetation albedo N A - N A A
Vegetation height N A N N A A
Vegetation LAD N A N N A A
Wall albedo A N A A N N
Initial temperature A N A A A N
Presence of vegetation N A N N A A
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5. Results II: Modelling results for the micro-climate

5.1 Temporal variation of microclimatic and physiological parameters

5.1.1 Daily courses at a point in the vineyard

Fig. 8 shows the daily courses of several climatic variables for a single grid point in the centre of the model
vineyard and for the chosen summer day (here 18", July, 2019).
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Fig. 8: Daily courses of microclimatic variables, energy and water fluxes modelled for one pixel (1 m x 1 m) in the center of
the vineyard (middle terrace, interrow): (a) air temperature, (b) surface temperature, (c) direct solar radiation, (d) latent heat

flux, (e) relative humidity, (f) wind speed, (g) soil water content, (h) root water uptake.

Abb. 8: Tagesldufe der mikroklimatischen Variablen modelliert fiir ein Pixel (1 m x 1 m) im Zentrum des Weinbergs (mittlere
Terrasse, Rebgasse): (a) Lufttemperatur, (b) Oberflachentemperatur, (c) direkte Sonneneinstrahlung, (d) latenter Warmefluss,
(e) relative Luftfeuchtigkeit, (f) Windgeschwindigkeit, (g) Bodenwassergehalt, (h) Wasseraufnahme der Wurzel.
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As can be seen in Fig. 8, air temperature increases from 6:00 am to 3:00 pm when surface temperature increases
until 4:00 pm (Fig. 8a and 8b). Direct solar radiation is only present during the day from 6:00 am to 6:00 pm
(Fig. 8c). At the same time, latent heat flux is found to be the highest during the day and is almost null during the
night (Fig. 8d). On the contrary, soil water content and relative humidity are the highest during the night and
decrease during the day respectively from 5:00 am and 8:00 am to 4:00 pm (Fig. 8¢ and 8g). Wind speed is almost
constant around 2 km/h during the whole daily course (Fig. 8f). Finally, root water uptake increases from 6:00 am
to midday and then decreases until the night (Fig. 8h).

Fig. 9 shows the daily course for several physiological parameters of the vine plants. Leaf temperature increases
from 5:00 am to 3:00 pm before decreasing until the night (Fig. 9a). Stomatal conductance increases rapidly at
6:00 am and then stays high until 6:00 pm when it decreases to reach its initial low level (Fig. 9b). COz flux, which
is a proxy for grapevine photosynthesis, increases form 8:00 am to midday before decreasing slowly until the end
of the day (Fig. 9¢). Vapor flux also increases form 8:00 am to 1:00 pm before decreasing in the afternoon
(Fig. 9d). On the contrary, water use efficiency follows an inverse pattern as it shows a minimum at 1:00 pm
(Fig. 91), Finally, vapor pressure deficit increases from 4:00 am to 3:00 pm before decreasing until the night.
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Fig. 9: Daily courses of atmospheric and plant physiological quantities modelled for one pixel (1 m x 1 m) in the center of the
vineyard (second terrace, interrow): (a) leaf temperature, (b) stomatal resistance, (c) CO; flux, (d) vapor flux, (e) vapor pressure
deficit, (f) water use efficiency.

Abb. 9: Tagesldufe atmosphérischer und physiologischer Grolen modelliert fiir ein Pixel (Im x 1m) im Zentrum des Weinbergs
(mittlere Terrasse, Rebgasse): (a) Blatttemperatur, (b) stomatirer Widerstand, (c) CO»-Fluss, (d) Wasserdampffluss, (e)
Wasserdampfsattigungsdefizit, (f) Wassernutzungseffizienz.
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5.1.2 Daily courses of selected parameters on average in the vineyard

Vineyard microclimate under a typical current July day was simulated with ENVI-met for one day (here 18",
July, 2019). Fig. 10 shows the results obtained for several micro-climatic variables and some grapevine
physiological parameters as average from all pixels in the vineyard. Average air temperature and leaf temperature
showed a similar daily course (Fig. 10a) and were also positively correlated. The minimum temperature value
(< 15°C) was found during the early morning at 4:00 am and the maximum value (> 25°C) in the afternoon at
2:00 am to 3:00 am (Fig. 10a). On the contrary, relative humidity was highest during the early morning and
decreased during the day (Fig. 10a). Not surprisingly, stomatal conductance of grapevine leaves and CO: flux both
were higher during the day than during the night (Fig. 10b). The increase in stomatal conductance and hence
photosynthesis indicated by CO:z flux started with sunrise between 6:00 and 7:00 am, reached a plateau between
8:00 am and 5:00 pm and then decreased again until 7:00 pm (Fig. 10b). As transpiration is also correlated with
stomatal conductance, vapor flux and vapor pressure deficit (VPD) showed similar daily courses (Fig. 10c): Both
variables increased from 6:00 am to 3.00 pm and then decreased again.

5.2 Spatial variation of microclimatic and physiological parameters

Fig. 11 shows the spatial variation of micro-climatic variables and physiological parameters in the model
vineyard on a specific time of the chosen summer day as LEONARDO output. Air temperature (Fig. 11a) was
quite homogenous in the vineyard between 25°C and 26°C. However, within the core of the vineyard with a south-
eastern aspect, air temperature was up to 1°C higher than at the borders of the vineyard (Fig. 11a). Surface
temperature obviously depends on the presence of grapevine as it was up to + 4°C higher under the vine plants
(Fig. 11b). Direct solar radiation showed a similar spatial pattern with lower values below grapevines and the
highest between vine rows (Fig. 11c¢). Specific humidity (Fig. 11d) as well as soil wetness (Fig. 11e) were higher
in the upper terraces (+20 % in comparison to the lowest terrace). Moreover, soil wetness was slightly reduced
under grapevines. Wind speed was lower in the planted parts (core) of the vineyard compared with the unplanted
area at the borders (Fig. 11f).
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Fig. 10: Daily courses of micro-climatical and physiological parameters in the model vineyard obtained with ENVI-met
(average values for the whole area): (a) air temperature (°C), relative humidity (%) and vine leaf temperature (°C); (b)
transpiration (vapor flux) (mg/m?/s) and vapor pressure deficit (VPD) (kPa), (c) CO, assimilation flux (mg/m?/s) and stomatal
conductance (mmol/m?/s). Vineyard completely covered with low-growing vegetation under a current typical day of July (here:
18" July, 2019).

Abb. 10: Tagesldufe der mikroklimatischen und physiologischen Parameter (Wein) im Modellweinberg berechnet mit ENVI-
met (Mittelwerte iiber die gesamte Flache): (a) Lufttemperatur (°C), relative Luftfeuchtigkeit (%) und Blatttemperatur (Wein);
(b) Transpiration (Wasserdampffluss) und Wasserdampfsittigungsdefizit (kPa), (¢) CO,-Fluss (mg/m%s) und stomatire
Leitfdhigkeit (mmol/m?/s). Weinberg komplett mit niedrigwiichsiger Vegetation bewachsen, typischer Julitag (hier: 18. Juli
2019).
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Fig. 11: Spatial distribution of microclimatic and soil characteristics simulated with ENVI-met: (a) air temperature at 1:00 pm,
(b) surface temperature at 1:00 pm, (c) direct solar radiation at 1:00 pm, (d) specific humidity at 1:00 pm, (e) soil wetness at
5:00 pm, (f) wind speed at 1:00 pm. Vineyard completely covered with low-growing vegetation under a current typical day of
July (here: 18™ July, 2019). Grey = vineyard walls and buildings.

Abb. 11: Raumliche Verteilung von mikroklimatischen und Bodeneigenschaften simuliert mit ENVI-met: (a) Lufttemperatur
um 13:00 Uhr, (b) Oberflachentemperatur um 13:00 Uhr, (c¢) Direkte Sonneneinstrahlung um 13:00 Uhr, (d) spezifische
Luftfeuchte um 13:00 Uhr, (e) Bodenfeuchte um 17:00 Uhr, (f) Windgeschwindigkeit um 13:00 Uhr. Weinberg komplett mit
niedrigwiichsiger Vegetation bewachsen, typischer Julitag (hier: 18. Juli 2019). Grau = Weinbergsmauern und Gebaude.

Fig. 12 shows the LEONARDO results of the calculated grapevine parameters. Corresponding to air
temperature (Fig. 11a), vine leaf temperature (Fig. 12a) was slightly higher on the middle and upper main terrace
and in the parts with south-eastern aspects; the lowest terrace showed the lowest leaf temperature. Simultaneously,
stomatal conductance (Fig. 12b) was higher in the highest terrace. As a result, CO» assimilation (CO: flux, Fig.
12¢) was increased in the highest terrace, but to a very small amount. Interestingly, transpiration shown as vapor
flux (Fig. 12d) seems to increase with the distance from the wall which might be an effect of the higher ventilation
(higher wind speed) and the lower air humidity (specific humidity) away from the wall (Fig. 12d et Fig. 13). In
addition, vapor flux was also slightly higher in the lower terrace compared with the middle and the upper terrace
(Fig. 12d). As already shown in Fig. 11f, wind speed seems to be reduced in the (planted) core of the vineyard
(Fig. 13), particularly near the walls. Moreover, wind direction was influenced by the walls and vine rows as its
direction becomes nearly parallel to the walls and the rows within the core of the vineyard.
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Fig. 12: Spatial distribution of grapevine physiological parameters simulated with ENVI-met. The simulation was made with
a vineyard completely covered with low-growing vegetation under a typical day of July (here: 18", July, 2019; see methods):
(a) air temperature at 1:00 pm, (b) stomatal conductance at 1:00pm, (c) plant CO, flux at 1:00pm, (d) vapor flux at 1:00pm.
Vineyard completely covered with low-growing vegetation under a current typical day of July (here: 18% July, 2019). Grey =
vineyard walls and buildings; parallel lines: vine rows.

Abb. 12: Raumliche Verteilung der physiologischen Parameter (Wein) simuliert mit ENVI-met: (a) Lufttemperatur um 13:00
Uhr, (b) stomatdrer Leitfahigkeit um 13:00 Uhr, (c) CO,-Fluss (Netto-Photosynthese) um 13:00 Uhr, (d) Wasserdampffluss
(Transpiration) um 13:00 Uhr. Weinberg komplett mit niedrigwiichsiger Vegetation bewachsen, typischer Julitag (hier: 18. Juli
2019). Grau = Weinbergsmauern und Gebéude, parallele Linien: Rebzeilen.
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5. Discussion

To our knowledge, the ENVI-met software had been mostly used for urban areas up to now. Among other
topics, it has been used to investigate potential solutions to avoid or reduce urban heat islands (Ambrosini et al.
2014; Deilami et al. 2018). Some other studies also focused on the effect of climate change on urban microclimate
(Huttner et al. 2008). In this study, we tested whether this computer program, initially designed for urban areas,
can also be used for simulating microclimate in vineyards. For this purpose, we first created a three-dimensional
model of an existing vineyard (Friedstein, Radebeul). Using the ENVI-met database and the SPACES software,
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we obtained a simplified structure, but consistent with reality (Fig. 6). Second, the plot structure and initial settings
were suitable to stabilize the model (chapter 3) and to run simulations.

In order to use ENVI-met for applications in vineyards, understanding the sensitivity of the model to the input
data is very important. For this purpose, we calculated the sensitivity of the calculated output variables to the input
parameters used in a sensitivity analysis (chapter 4). Among other results, we found that the chosen initial
temperature is the most impacting input parameter for each climate variable estimated as it greatly influences air
temperature, leaf temperature but also many physiological processes such as transpiration and photosynthesis
(Table 10). This was also found in the literature and it has been proven that both transpiration and photosynthesis
of vines are positively correlated with air temperature within the observed temperature range (see Greer 2012).

The presence of a ground vegetation cover is also a factor of influence, in particular for the vineyard’s water
status (soil water content, relative humidity, stomatal resistance, vapor flux, Table 10, 11). This might be due to
the root system of the ground cover species and to the effect of the vegetation cover on solar radiation. Among the
vegetation characteristics it appears that vegetation albedo is the most influential input parameter on microclimate
outputs in comparison with vegetation LAD and vegetation height (Table 9). However, vegetation height and LAD
seem to be more important for solar reflection than vegetation albedo (Table 9). A possible explanation could be
that a higher LAD or height of the ground cover vegetation may be responsible for a higher absorption, which
would reduce solar reflection (see Bruse 2004) for model equations and reduction coefficients considering
absorption). Solar reflection also decreases when vegetation is present (Table 11). This is also surprising as
vegetation albedo is higher than soil albedo, but, on the other hand, absorption may be more important as ground
structure is more complex with vegetation. In fact, a large part of solar radiation is absorbed or transmitted through
vegetation following Beer’s law. This is well described in the manual of ENVI-met (Bruse 2004). Then, as
expected, wall albedo was highly important for solar reflection (Table 10) which may result in a great influence
on several microclimatic and physiological variables, at least next to the walls. Finally, it is worth noting that, soil
albedo is not important when there is vegetation maybe because most of solar radiation is already absorbed by
vegetation before reaching the soil for partial reflection.

In conclusion, we can deduce from the results of our sensitivity analysis that the most sensitive variables were
stomatal conductance, solar reflection, and COz flux whereas relative humidity, vapor flux and leaf temperature
were the least sensitive variables. It should be noted that the obtained sensitivity values all were inferior to 1 what
means that in all cases the percentage variation in resulting climate is lower than the percentage variation in initial
parameters. There is a wide range of climate and physiological variables which can be obtained as outputs of the
simulations in ENVI-met. Among them, some are common such as air temperature and relative humidity, others
are more specific such as stomatal conductance or water use efficiency. The results obtained for the daily courses
of the studied climate variables (chapter 5.1) were consistent with the expectations and no unrealistic values were
found for any of the variables and scenarios. Although we could not compare these results with field measurements
yet (see below), the obtained values seem to get along with the typical values observed in vineyards. For instance,
transpiration of vines (vapor flux) is often between 20 and 100 mg/m?/s (Greer 2012) which corresponds well with
our results (Fig. 9d, 10c, 12d). Values for stomatal conductance, leaf temperature or vapor pressure deficit (Fig. 9,
10, 12) were also included in the optimal range defined for plants or vines (Zeiger et al. 1987; Greer 2012; Koverda
2020). In conclusion, it appears that vineyard microclimate and grapevine condition can be confidently modelled
with the ENVI-met software based on the initial parameters chosen. However, validation of the model with respect
to the local structure of the vineyard would require local measurements.

For the average summer day we used in the simulations, we reproduced the already observed inverse correlation
between air temperature and relative humidity (Fig. 10a; see Valsson & Bharat 2011) and the positive correlation
between stomatal conductance and COz flux (Fig. 10b). The latter is in accord with the results obtained by Jacobs
et al. (1996) who showed that grapevine photosynthesis was correlated with stomatal conductance. Transpiration
and vapor pressure deficit were also positively correlated (Fig. 10c; see Fletcher et al. 2007). Both correlations are
not necessarily linear and can change with water status. Concerning the results for the spatial variation of
microclimatic and physiological parameters in the model vineyard (chapter 5.2), we often found differences
between the planted core of the vineyard and its unplanted margins (Fig. 11, 13). For instance, air temperature was
higher within the core of the vineyard (Fig. 11a). This has also been shown by Pefia Quifiones et al. (2020) who
proved that the air temperature of the vineyard’s canopy was higher than the air temperature measured at the closest
weather station. This may be due to the radiative heat transfer between vine leaves and the surrounding air. The
phenomenon of higher temperatures in the core of the vineyard could also be due to a low LAI coupled with a
reduced water supply in this July day. Additionally, there might be an influence of the local topography on the
spatial variation of the climate variables: Indeed, relative air and soil humidity were higher in the highest terraces
(Fig. 11e, f). This could be explained by the presence of trees around the vineyard at the highest terraces, especially
at the eastern border of the vineyard (Fig. 1 and 4). Due to the tree presence, wind speed may be reduced in upper
terraces (Fig. 13) and this may have led to a lower and slower evaporation from the soil (see Davarzani et al. 2014).
Additionally, the effect of shadowing by the high trees may also play a role. Furthermore, our results indicate that
there is an influence of walls with a higher humidity observed near the walls. In addition, some physiological
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parameters such as stomatal conductance (Fig. 12b) also decrease with distance to the wall. This might be due to
a higher solar reflexion by the wall, especially when walls have a light colour as in our case (see wall albedo in
Table 10). Finally, the grapevines planted modify microclimatic variables such as soil water content, direct solar
radiation or latent heat flux. The implied shadow and the root water uptake may be responsible for the observed
decrease in both soil water content (Fig. 11f) and direct solar radiation (Fig. 11c) in the planted area of the vineyard.
So the ENVI-met software might be able to reveal the effect of vineyard structure and row orientation on the
micro-climatic parameters and the performance of the grapevines (e.g., Griffoni et al 2008; Hunter et al 2016;
2020). All these results could be helpful to better understand spatial and daily variations in the microclimatic and
physiological conditions of vineyards and grapevines, respectively.

The presented results are sufficiently reasonable to develop further applications of this computation model to
vineyards. Although, field experiments and measures are needed to confirm these first results, get rid of some bias
(boundary effects for instance) and the accuracy of the simulations obtained by the computer program (see Ayyad
& Sharples 2019 for an example). As a potential application, one could design several scenarios with different
management practices (presence/absence of ground cover, high/low ground cover, addition of trees in the vineyard,
presence/absence of walls) to study the impact on the microclimate in vineyards. Even if the absolute values should
be taken with care, we expect the relative changes observed between scenarios to be comparable to field
observations. Furthermore, ENVI-met could also be applied to other fields. Indeed, modelling microclimate may
become more and more interesting and even critical in other agricultural fields as they also may suffer from climate
change in the next decades. However, of course, with this approach, one can only model the impact of some
practices or structures on microclimate. In particular, the ENVI-met simulation does not allow the modelling of
species interactions or long-term physiological responses that can greatly affect ecosystem functioning (Bradley
& Pregitzer 2007; Brophy et al. 2017).

As a conclusion, to our knowledge we were able to model vineyard microclimate using the ENVI-met software
for the first time. This has given perspectives to better understand the effect of management practices, ground
vegetation and structures on vineyard microclimate and vine performance. The use of ENVI-met could offer new
opportunities for winegrowers who could simulate the effect of several management strategies and adapt their
management toward an optimization of vineyard microclimate and grapevine physiology particularly in a context
of climate warming. It would also be necessary to support the obtained results by field measurements in future
work. In any case, ENVI-met could be an appropriate research tool supporting winegrowers to implement
sustainable management in their vineyards.

6. Zusammenfassung

Sachsen ist eines der nordlichsten Weinanbaugebiete in Europa. Die meisten Weinberge kommen an steilen
Hingen im Elbtal vor. Daher sind die mikroklimatischen Bedingungen in den Weinbergen von enormer
Wichtigkeit fiir den Weinbau. In dieser Arbeit wurde die Anwendbarkeit des Programms ENVI-met zur Simulation
des Mikroklimas von Weinbergen getestet. Urspriinglich konzipiert fiir urbane Rdume wurde das Programm in
dieser Arbeit eingesetzt, um das Mikroklima eines typischen séchsischen Weinbergs zu simulieren. Zu diesem
Zweck wurden ein 3D-Modell des Weinbergs entwickelt und die fiir die Simulation notwendigen
Eingangsparameter zu Klima, Boden, Vegetation etc. implementiert. In diesem Beitrag werden die Ergebnisse
einer Sensitivitdtsanalyse und erste Ergebnisse zum Tagesverlauf und zur rdumlichen Verteilung verschiedener
mikroklimatischer und physiologischer Variablen présentiert. Die anhand der Simulationen fiir einen typischen
Sommertag (18. Juli 2019) erhaltenen Tageslaufe entsprechen den theoretischen Annahmen und Angaben aus der
Literatur. Der Anwendung des Modells zur Variierung von Eingangsparametern oder Anderungen in der
Weinbergsstruktur erdffnet neue Moglichkeiten, um Effekte spezieller Bewirtschaftungsmafinahmen auf das
Mikroklima und das Gedeihen der Weinreben in Weinbergen abzuschitzen.
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