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1. Summary  

A detailed description of the Integrated Model of Vitiforestry and Adaptation to Cli-

mate Change (IMVSCA) is presented here. First, Section 2 presents a general description 

of IMVSCA, including its main components (modules and submodules), its objectives, 

and a list of its input and output variables and parameters. The following sections describe 

each of the different IMVSCA components in detail. Finally, the interactions between the 

various components are explained. 

2. IMVSCA overview 

The IMVSCA aims to simulate the role of different factors, especially meteorological 

and climate drivers, in vineyard and viticulture production systems. Consequently, 

IMVSCA is not just a singular model with a single objective, but a modeling system com-

posed of several simple models, each with its objective. These simple models are called 

submodules and are organized/grouped into modules. The IMVSCA system comprises 

four modules with the following general objectives:  

• The Light–Shadow module aims to assess the shading effect of a single tree on 

a grapevine or of an orchard on a vineyard; 

• The Phenology module aims to evaluate seasonal and cyclical phenomena, 

such as budburst, flowering, veraison, maturity, and chilling as a function of meteorolog-

ical conditions and other environmental factors; 

• The Zoning module aims to evaluate the suitability of a site for viticulture; 

• The Illness module aims to evaluate the occurrence of common grapevine dis-

eases. 

Each of the modules is made up of several submodules, each with its objective. The 

Light–Shadow module includes three submodules: Sunrise–Sunset, Tree–Shadow, and 

Light–Orchard. As the names suggest, the Sunrise–Sunset submodule calculates the sunrise 

and sunset hours. The Tree–Shadow submodule computes the shadow effect of a tree on the 

vine, estimating the mean air temperature and relative humidity near the grapevine when 

exposed to sunlight and under the shadow of trees, based on the daily periods of shadow 
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and sunlight passing around the treetop. The Light–Orchard submodule estimates the pho-

tosynthetically active radiation (PAR) received by the vineyards in sunny or shaded con-

ditions, for a defined orchard configuration, based on the daily period during which the 

vineyard is influenced by sunlight passing through the tree gaps. 

The Phenology module monitors and predicts the developmental stages of grape-

vines. It utilizes meteorological data to model the timing of these phenological phases. 

This module aids in optimizing vineyard management practises to improve grape quality 

and yield. The Zoning module assesses climatic conditions and their influence on grape-

vine development, quantifying the mean thermal amplitude during the maturation peri-

ods. It also considers hydrologic balance and potential evapotranspiration to estimate the 

potential sugar content in grapes. Additionally, it includes the growing season suitability 

and precipitation during the growing season. The Illness module assesses the risk of pow-

dery mildew infection in the grapevines based on the risk assessment model developed 

by the University of California, Davis [1]. It uses meteorological data to predict the favor-

able conditions for pathogen infection and growth. It also determines the primary and 

secondary downy mildew infections, quantifying the delay or advancement of outbreaks. 

The remainder of this document provides the complete formulation of the IMVSCA 

model system. Table S1 lists the acronyms, definitions, and units of the variables used in 

these formulations, as well as the parameterization values adopted in this research. 

Table S1. List of symbols. 

Variable Meaning Units 

𝐵ℎ𝑖𝑑𝑟𝑖 Hydric balance from September to August 

 

𝑚𝑚 

𝑑𝑎 Year number of days  

𝑑𝑛 Number of days of the year, starting from January 1   

𝐸𝑡 Monthly potential transpiration in the vineyard 

 

 

𝑚𝑚 

𝐸𝑠 Monthly soil direct evaporation 

 

𝑚𝑚 

𝐸𝑇𝑃 Evapotranspiration 𝑚𝑚 𝑑𝑎𝑦−1 

𝐹𝑙𝑜𝑟 Number of days from January 1 to flowering 

 

 

𝐻𝑜𝑏𝑠,𝐷 Daily global solar radiation   𝑀𝐽𝑚−2𝑑𝑎𝑦−1 

𝐻𝑅 Relative humidity of air % 

ℎ𝑡𝑟𝑒𝑒 Tree height                                                                               𝑚 

𝑙𝑑 Day length coefficient for the local latitude 1.02 

𝐼𝑠𝑐 Solar constant  118.108 𝑀𝐽𝑚−2𝑑𝑎𝑦−1 

𝐿 Leaf Area Index (LAI) of the canopy 𝑚2𝑚−2 

N Number of days per month 

 

 

𝑁𝑒𝑓 𝑝𝑟𝑒𝑐 Number of days of effective evaporation from the soil per month  

𝑁𝑉𝑒𝑟𝑎𝑖−𝑀𝑎𝑡𝑢 Number of days from veraison to maturation  

𝑃𝑎 Surface pressure  𝑘𝑃𝑎 

𝑃𝑑 Daily accumulated precipitation  𝑚𝑚 

PET Monthly total potential evapotranspiration 𝑚𝑚 

𝑃𝑚 Monthly accumulated precipitation 𝑚𝑚 

𝑇𝑏 Base daily mean air temperature (10ºC) 

 

°C 

𝑇𝑤 Daily dew point temperature   °C 

𝑇 Daily mean air temperature °C 
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𝑇𝑉𝑒𝑟𝑎𝑖−𝑀𝑎𝑡𝑢 Daily mean air temperature from veraison to maturation. 

 

°C 

k Coefficient of radiation absorption  

𝑇𝑚𝑎𝑥 Daily maximum air temperature °C 

𝑇𝑚𝑖𝑛 Daily minimum air temperature °C 

t Hours recorded in a 24-hour format ℎ 

𝑡𝑠𝑟 Time of solar sunrise ℎ 

𝑡𝑠𝑠 Time of solar sunset ℎ 

𝑊0 Initial useful soil water reserve  200 𝑚𝑚 

𝑊 Wind speed 𝑚𝑠−1 

𝑥 The ratio of the average projected area of the tree crown 1 

𝛼 Solar elevation angle 𝑟𝑎𝑑 

𝛼𝑡 Constant azimuth angle of the tree trunk 𝑟𝑎𝑑 

𝜓 Solar azimuth angle 𝑟𝑎𝑑 

𝛿 Solar declination angle 𝑟𝑎𝑑 

𝜙 Geographic latitude positive towards the north 𝑟𝑎𝑑 

𝛽 Geographic longitude positive towards the east ° 

𝛾 Terrain slope  ° 

𝜌 Ground aspect ° 

3. Light–Shadow Module 

3.1. The Sunrise–Sunset submodule 

 In this submodule, the sunrise and sunset hours are calculated using the formulation 

of Nasrin et al. [2]. In detail, this module determines the number of days (n, Equation S5) 

since January 1st, 2000, 12:00 based on the Julian date (JD, Equation S4), the solar mean 

anomaly (M (°), Equation S6), the equation of the center (C, Equation S7), the ecliptic lon-

gitude (λ (°), Equation S8), the solar transit (Jtransit, Equation S9), the solar declination (δ 

(°), Equation S10), the hour angle (ω (°), Equation S11), and finally, the actual Julian date 

of sunrise (Equation S13) and sunset (Equation S12).  

𝑎 = 𝑖𝑛𝑡((14 − 𝑚𝑜𝑛𝑡ℎ) 12⁄ ) (S1) 

𝑦 = 𝑦𝑒𝑎𝑟 + 4800 − 𝑎 (S2) 

𝑚 = 𝑚𝑜𝑛𝑡ℎ + 12 ∗ 𝑎 − 3 (S3) 

𝐽𝐷 = 𝑑𝑎𝑦 + 𝑖𝑛𝑡((153 ∗ 𝑚 + 2) 5⁄ ) + 365 ∗ 𝑦 + 𝑖𝑛𝑡(𝑦 4⁄ ) − 𝑖𝑛𝑡(𝑦 100⁄ )

+ 𝑖𝑛𝑡(𝑦 400⁄ ) − 32045 + (ℎ𝑜𝑢𝑟 − 12) 24⁄ + 𝑚𝑖𝑛𝑢𝑡𝑒 1440⁄

+ 𝑠𝑒𝑐𝑜𝑛𝑑/86400 

(S4) 

𝑛 = 𝑖𝑛𝑡 (𝐽𝐷 − 2451545.0009 −
β

360
+ 1 2⁄ ) (S5) 

𝑀 = (357.5291 + 0.98560028 (2451545.0009 +
β

360
+ 𝑛

− 2451545)) 𝑚𝑜𝑑360 

(S6) 
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𝐶 = 1.9148 ∗ sin(𝑀) + 0.02 ∗ sin(2𝑀) + 0.0003 ∗ sin (3𝑀) (S7) 

𝜆 = (𝑀 + 102.9372 + 𝐶 + 180)𝑚𝑜𝑑360 (S8) 

𝐽𝑡𝑟𝑎𝑛𝑠𝑖𝑡 = 2451545.0009 +
β

360
+ 𝑛 + 0.0053𝑠𝑖𝑛(𝑀) − 0.0069 ∗ 𝑠𝑖𝑛(2𝜆) (S9) 

𝛿 = 57.29577951 (𝑎𝑟𝑐𝑠𝑒𝑛(sin (𝜆)sin (23.45))) (S10) 

𝑤 = 57.29577951 (𝑎𝑟𝑐𝑐𝑜𝑠 (
sin(−0.83) − 𝑠𝑖𝑛(𝜙)𝑠𝑖𝑛(sin (𝜆)sin (23.45))

𝑐𝑜𝑠(𝜙)𝑐𝑜𝑠(𝛿)
)) (S11) 

𝑆𝑢𝑛𝑠𝑒𝑡 = 2451545.0009 +
(ω + β)

360
+ 𝑛 + 0.0053(𝑠𝑖𝑛(𝑀)) − 0.0069(𝑠𝑖𝑛(2𝜆)) (S12) 

𝑆𝑢𝑛𝑟𝑖𝑠𝑒 = 𝐽𝑡𝑟𝑎𝑛𝑠𝑖𝑡 − (𝑆𝑢𝑛𝑠𝑒𝑡 − 𝐽𝑡𝑟𝑎𝑛𝑠𝑖𝑡) 

 

 

 

(S13) 

Then, the submodule converts the Julian date of sunrise and sunset into a calendar 

date [3,4], as follows: 

𝑡𝑖𝑚𝑒𝑓𝑟𝑜𝑚𝐽𝐷(𝑡𝑖𝑚𝑒) = 𝑡𝑖𝑚𝑒 + 0.5 with 𝑡𝑖𝑚𝑒 = 𝑆𝑢𝑛𝑟𝑖𝑠𝑒 𝑜𝑟 𝑆𝑢𝑛𝑠𝑒𝑡 (S14) 

𝑠𝑒𝑐𝑠 = 𝑖𝑛𝑡(𝑖𝑛𝑡(𝑡𝑖𝑚𝑒 − 𝑖𝑛𝑡(𝑡𝑖𝑚𝑒)) ∗ 24 ∗ 60 ∗ 60 + 0.5) (S15) 

𝑚𝑖𝑛𝑠 = 𝑖𝑛𝑡 (
𝑠𝑒𝑐𝑠

60
) (S16) 

ℎ𝑜𝑢𝑟 = 𝑖𝑛𝑡 (
𝑚𝑖𝑛𝑠

60
) (S17) 

3.2. The Tree–Shadow submodule 

This model incorporates some formulations based on Hu et al. [5] for solar radiation. 

Specifically, it uses the daily hour angle (𝜔ℎ(radians), Equation S18, zero at noon and pos-

itive in the morning), and the solar elevation angle at solar noon (α, Equation S20) relative 

to the equatorial plane and local latitude. This last parameter along with the solar azimuth 

angle (ψ, Equation S21) and the sunrise hour angle (𝜔𝑠 (°), Equation S23), are calculated 

using the solar declination (δ (radians), Equation S10) simulated by the Sunrise–Sunset sub-

module. Additionally, the model calculates the day angle (Γ (radians), Equation S19), the 

eccentricity correction factor of the Earth’s orbit (𝐸0, Equation S22), the daily extraterres-

trial radiation (𝐻0 (𝑀𝐽𝑚−2𝑑𝑎𝑦−1), Equation S24), and the maximum possible daily sunshine 

duration (𝑆0 (hours), Equation S25).  

The sunshine duration (SD) is a ratio derived from the potential sunshine duration 

(PSD), the maximum possible daily sunshine duration (𝑆0) as given by Equation S26, and 

the monthly average daily SD observed from station data on a horizontal surface 

( 𝑆 in hours ). Then, the Angstrom–Prescott model [6] (Equation S29) was used to calculate 

the ratio 𝐻 𝐻0⁄ , as a function of 𝑆 , to determine the daily global radiation (𝐻) for the pe-

riod between the sunrise and the sunset. 
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𝜔ℎ = (𝑡 − 12) 
𝜋

12
   

(S18) 

 

Γ = 2𝜋 
𝑑𝑛−1

𝑑𝑎
  (S19) 

𝑠𝑒𝑛𝛼 = 𝑠𝑒𝑛𝛿𝑠𝑒𝑛𝜙 + 𝑐𝑜𝑠𝛿𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜔ℎ  (S20)             

𝑐𝑜𝑠𝜓 =
 𝑠𝑒𝑛𝛿𝑐𝑜𝑠𝜙 − 𝑐𝑜𝑠𝛿𝑐𝑜𝑠𝜔ℎ𝑠𝑒𝑛𝜙

𝑐𝑜𝑠𝛼
 (S21) 

𝐸0 = 1.000110 + 0.034221 𝑐𝑜𝑠Γ + 0.001280 𝑠𝑒𝑛Γ + 0.000719 𝑐𝑜𝑠2Γ

+ 0.000077 𝑠𝑒𝑛2Γ 
(S22) 

𝜔𝑠 = 𝑎𝑟𝑐𝑐𝑜𝑠(−𝑡𝑔𝜙 𝑡𝑔𝛿) (S23) 

𝐻0 =
1

𝜋
 𝐼𝑠𝑐  𝐸0  (

𝜋

180
 𝜔𝑠 𝑠𝑒𝑛𝛿 𝑠𝑒𝑛𝜙 + 𝑐𝑜𝑠𝛿 𝑐𝑜𝑠𝜙 𝑠𝑒𝑛𝜔𝑠)  (S24) 

𝑆0 =
2

15
 𝜔𝑠  (S25) 

𝑆𝐷 = 𝑃𝑆𝐷
𝑆

𝑆0

 (S26) 

𝑎 = −0.309 + 0.539 𝑐𝑜𝑠𝜙 − 0.0693 ℎ + 0.290 
𝑆

𝑆0
                                                                                    (S27) 

𝑏 = 1.527 − 1.027 𝑐𝑜𝑠𝜙 + 0.0926 − 0.359 
𝑆

𝑆0
   where ℎ is the elevation (𝑘𝑚)                                       (S28) 

𝐻

𝐻0
= 𝑎 + 𝑏 

𝑆

𝑆0
                                                                                                                                                 (S29) 

Complementary formulations developed by the paper’s author to calculate the 

shadow over the vineyards, and the mean air temperature surrounding the vineyard 

based on Hargreaves and Samani [7], are described in Section 2.2.1.2. In this document 

(Supplementary Materials), the calculation of the relative humidity of the air is detailed 

in subsection 3.3, “Supplementary calculations made by the model”. This calculation is per-

formed using the mean air temperature provided by this submodule and the virtual air 

temperature supplied by observations. Because the paper associated with these 

Supplementary Materials presents a study considering flat terrain without any 

interactions, such as trees, no formulations related to topographic interactions given by 

the slope (𝛾) and aspect (𝜌) of the ground are presented. 

3.3. Supplementary calculations made by the model 

In the Tree–Shadow submodule, the relative humidity RH (%) is calculated using 

Equation S30 from Doorenbos and Pruitt [8]. This Equation provides the best fit with the 

observed meteorological station series for Portugal, as described by Castellví et al. [9], and 

can be used at hourly or daily time steps. This equation represents the ratio of actual vapor 

pressure to equilibrium vapor pressure (𝑒𝑎 (kPa), Equation S31) at a given temperature, 

and saturation vapor pressure (𝑒𝑠  (kPa), Equation S32). Both of the parameters were 

calculated using the formulation described in Zotarelli et al. [10]. 

𝑅𝐻 = 100 
𝑒𝑎  (𝑇𝑤)

𝑒𝑠 (𝑇)
 S30 
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𝑒𝑠 = 0.6108 (𝑒𝑥𝑝
17.27 𝑇

237.3+𝑇)
 

 
S31 

𝑒𝑎 = 0.6108 (𝑒𝑥𝑝
17.27 𝑇𝑤

237.3+𝑇𝑤)

 

 
S32 

 

3.4. Light–Orchard submodule 

This submodule calculates photosynthetically active radiation (PAR) using the for-

mulation by Oyarzun et al. [11]. This calculation is based on the proportion of the orchard 

floor shaded by trees at any given time. This model has been tested only for near-continu-

ous hedgerow situations and was implemented in this submodule due to its similarity to 

the organization of vineyard plantations (Figure S1). 

 

Figure S1. Schematic representation of a fruit-tree orchard showing the model input variables re-

lated to orchard configuration [11]. 

This model uses the solar azimuth angle (ψ, Equation S21), the solar elevation angle 

(α, Equation S20) at a given hour, the daily extraterrestrial radiation (𝐻0, Equation S24), 

and the daily global radiation (𝐻  (MJ.m-2.day-1), Equation S29) simulated by the Tree–

Shadow submodule to calculate the hourly extraterrestrial solar radiation (𝐻0,ℎ  (𝑊𝑚−2), 

Equation S33), and the hourly incident global solar irradiance (𝐻𝑠,ℎ (𝑊𝑚−2), Equation S34). 

Additionally, the submodule calculates the hourly diffuse incoming radiation (𝐻𝑑,ℎ 

(𝑊𝑚−2), Equation S35) as a function of atmospheric transmittance (𝜏, Equation S36) and 

optical air mass number (𝑚, Equation S37) [12]. The submodule also determines the hourly 

beam solar irradiance (𝐻𝑏,ℎ (𝑊𝑚−2), Equation S38), the hourly fraction of beam solar radi-

ation (𝐹𝐻𝑏,ℎ
, Equation S39), and the diffuse solar radiation (𝐹𝐻𝑑,ℎ

, Equation S40). It is as-

sumed that the fractions of direct (beam) and diffuse radiation within the photosyntheti-

cally active radiation (PAR) range (𝐹𝑃𝐴𝑅𝑏,ℎ
(Equation S39) and 𝐹𝑃𝐴𝑅𝑑,ℎ

 (Equation S40)) are 
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the same as the proportions present in the entire solar radiation spectrum, covering all 

wavelength ranges. 

Since the hourly beam solar irradiance 𝐻𝑏,ℎ and hourly diffuse incoming radiation 

𝐻𝑑,ℎ are projected onto a horizontal surface, they were corrected for the slope of terrain 

using the sun view factor (𝑤𝑓) for diffuse radiation (Equation S44) and the topographic 

effect (𝜎) for solar irradiation (Equation S42). Consequently, the actual amount of radiation 

received by the sloped surface is 𝐻𝑔,ℎ
∗  (Equation S45). 

𝐻0,ℎ = 1360 𝑐𝑜𝑠𝛼 (S33) 

𝐻𝑠,ℎ =
𝐻0,ℎ  𝐻

𝐻0

 (S34) 

𝐻𝑑,ℎ = 0.3(1 − 𝜏𝑚)𝐻0,ℎ   (S35) 

𝜏 =
𝐻

𝐻0

 (S36) 

𝑚 =
 𝑃𝑎

101.3 cos 𝛼
 (S37) 

𝐻𝑏,ℎ = 𝐻𝑠,ℎ − 𝐻𝑑,ℎ (S38) 

 

𝐹𝐻𝑏,ℎ
=

𝐻𝑏,ℎ

𝐻𝑠,ℎ

= 𝐹𝑃𝐴𝑅𝑏,ℎ
 (S39) 

𝐹𝐻𝑑,ℎ
=

𝐻𝑑,ℎ

𝐻𝑠,ℎ

= 𝐹𝑃𝐴𝑅𝑑,ℎ
 (S40) 

𝐻𝑏,ℎ
∗ = 𝐻𝑏,ℎ 𝜎 (S41) 

𝜎 =
𝑐𝑜𝑠(𝛾) 𝑐𝑜𝑠(𝛼) + 𝑠𝑒𝑛(𝛾)𝑠𝑒𝑛(𝛼) 𝑐𝑜𝑠(𝜓 − 𝜌)

𝑐𝑜𝑠(𝛼)
 

(S42) 

 

𝐻𝑑,ℎ
∗ = 𝐻𝑑,ℎ 𝑤𝑓 (S43) 

𝑤𝑓 =
1 + 𝑐𝑜𝑠(𝛾)

2
 (S44) 

𝐻𝑔,ℎ
∗ = 𝐻𝑏,ℎ

∗ + 𝐻𝑑,ℎ
∗  (S45) 

The calculation of fractional radiation interception is based on the proportion of the 

orchard ground that is shaded by the trees at any given hour of the day. According to 

Figure S1 [11], and assuming that the canopy extends to the soil surface (with no bare stem 

portion), the maximum length of the shadow cast by the trees can be determined perpen-

dicular to the row (𝐿𝑥 (m), Equation S46), and along the row (𝐿𝑦 (m), Equation S47). How-

ever, corrections must be considered, especially for the bare trunk portion of the trees, 

which casts a less significant shadow length (m), allowing more radiation to reach the or-

chard floor at certain hours of the day. Thus, the blank shadow length (m) is calculated 

both perpendicular to the row (𝐿𝑥,𝐵) and along the row (𝐿𝑦,𝐵) (Figure S1), using Equations 

S46 and S47, but with the height of tree base (𝐴𝐵) instead of the total height of the tree (𝐴𝑇). 

A correction factor (𝜃), accounting for the combined effects of the sun zenith angle, terrain 

slope, and aspect, is used to calculate the effective shadow length cast by the trees 
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perpendicular to the row (𝐿𝑥
∗ , Equation S48) and along the row (𝐿𝑦

∗ , Equation S49). The 

fraction of the orchard floor that is shaded at any hour is then obtained by 𝑓𝑙,ℎ (Equation 

S51), based on 𝐿𝑥
∗  and 𝐿𝑦

∗ , as well as the canopy dimensions (𝑊𝑥 and 𝑊𝑦) and the distance 

between the trees (𝐸𝑥 and 𝐸𝑦). 

𝐿𝑥 = 𝐴𝑇[𝑡𝑔(𝛼) 𝑠𝑒𝑛(𝜓 − 𝛼𝑡)]    (S46) 

𝐿𝑦 = 𝐴𝑇[𝑡𝑔(𝛼) 𝑐𝑜𝑠(𝜓 − 𝛼𝑡)] (S47) 

𝐿𝑥
∗ = (𝐿𝑥 − 𝐿𝑥,𝐵) 𝜃 (S48) 

𝐿𝑦
∗ = (𝐿𝑦 − 𝐿𝑦,𝐵) 𝜃 (S49) 

𝜃 = { 

𝑐𝑜𝑠(𝛾)     45° < (𝜓 − 𝜌) < 135°
1

𝑐𝑜𝑠(𝛾)
      225° < (𝜓 − 𝜌) < 315° 

1            𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                        

 , with 𝜓 in °                                                      (S50) 

𝑓𝑙,ℎ =
[(𝐿𝑥

∗ + 𝑊𝑥)𝑊𝑦 + (𝐿𝑦
∗ + 𝑊𝑦)𝑊𝑥] − (𝑊𝑥𝑊𝑦)

𝐸𝑥𝐸𝑦

 (S51) 

The beam radiation interception (𝑓𝑏,ℎ, Equation S52) on an orchard basis is calculated 

for each hour of the day. The transmission of light through the leaves depends on the 

range of the sun’s zenith angles, the canopy architectures, and the leaf absorptivity values. 

The tree's effective canopy porosity (𝐶𝑝
∗, Equation S53) is a function of the sun fleck fraction 

on the orchard ground shadowed area or the canopy extinction coefficient (𝐶𝑝, Equation 

S54) and the leaf absorptivity coefficient (𝜇). The coefficient 𝜇 = 1 for black leaves, and 

when 𝜇 is small, the radiation will be minimally attenuated. Canopies typically have ab-

sorptivity values of 𝜇 = 0.8 for PAR and 𝜇 = 0.2 for NIR radiation. For total solar radia-

tion, the absorptivity is the mean of the values for PAR and NIR, 𝜇 = 0.5 [12]. 

Following Campbell and Norman [12], the effects of leaf spectral properties are sep-

arated from the effects of canopy architecture because most leaves have similar reflectance 

and transmittance spectra, even though they depend on wavelength. However, canopy 

architecture can vary widely with species, environmental conditions, and time, thereby 

providing an additional amount of radiation under the canopy. Thus, the canopy extinc-

tion coefficient (𝐶𝑝) requires the calculation of the area average projection from some di-

rection onto the horizontal. If all of the leaves in a canopy are vertical but with random 

azimuthal orientations, then for the distribution of thw canopy area projected onto the 

horizontal of a hemi-surface area cylinder, this coefficient is 𝐾𝑏1,𝛼 (Equation S55). A can-

opy might have leaves with leaf inclination angles similar to the distribution of angles on 

the surface of a sphere.  

Then, the extinction coefficient, calculated from the ratio of the projected hemi-sur-

face area sphere, is 𝐾𝑏2,𝛼  (Equation S56). The ellipsoidal distribution generalizes the 

spherical, allowing the sphere to be flattened or elongated. An extinction coefficient for 

the ratio of the projected ellipsoid hemi-surface area [13] is 𝐾𝑏3,𝛼 (Equation S57). 
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𝑓𝑏,ℎ = 𝑓𝑙,ℎ(1 − 𝐶𝑝
∗) (S52) 

𝐶𝑝
∗ = 𝑒(𝑙𝑛(𝐶𝑝) √𝜇) (S53) 

𝐶𝑝 = 𝐾𝑏,𝛼 𝐿 (S54) 

with 𝐾𝑏,𝛼 = 𝐾𝑏𝑖,𝛼 , 𝑖 = 1,3  

𝐾𝑏1,𝛼 =
2 𝑡𝑔𝛼

𝜋
 

(S55) 

 

𝐾𝑏2,𝛼 =
1

2 𝑐𝑜𝑠𝛼
 

(S56) 

𝐾𝑏3,𝛼 =
√𝑥2 + (𝑡𝑔𝛼)2

𝑥 + 1.774 (𝑥 + 1.182)−0.733
 

(S57) 

with 𝑥 as the ratio of the average projected area of the tree crown 𝑥 = 1, for a spher-

ical leaf angle distribution; 𝑥 = 0, for a vertical distribution; and 𝑥 → ∞, for a horizontal 

leaf canopy. 

Then, the orchard-based beam transmittance for each hour is 𝜏𝑏,ℎ (Equation S58), and 

the daily averaged effective orchard diffuse transmittance is 𝜏𝑑,𝐷 (Equation S59). Thus, we 

can determine the diffuse radiation interception fraction for the orchard (𝑓𝑑,𝐷, Equation 

S60). Finally, the hourly fractional PAR interception is obtained through 𝑓𝐼𝑃𝐴𝑅,ℎ (Equation 

S61), and the daily PAR interception fraction is obtained as 𝑓𝐷𝐼𝑃𝐴𝑅 (Equation S62) through 

𝑃𝐴𝑅ℎ (Equation S63). 

𝜏𝑏,ℎ = 1 − 𝑓𝑏,ℎ (S58) 

𝜏𝑑,𝐷 = 2 ∑ (𝜏𝑏,ℎ 𝑐𝑜𝑠(𝛼ℎ) 𝑠𝑒𝑛(𝛼ℎ) 𝑑𝛼ℎ−(ℎ−1))

ℎ=𝑡𝑠𝑠

ℎ=𝑡𝑠𝑟+1

 

(S59) 

𝑓𝑑,𝐷 = 1 − 𝜏𝑑,𝐷 (S60) 

𝑓𝐼𝑃𝐴𝑅,ℎ = 𝑓𝑏,ℎ𝐹𝑃𝐴𝑅𝑏,ℎ+𝑓𝑑,𝐷𝐹𝑃𝐴𝑅𝑑,ℎ
 (S61) 

𝑓𝐷𝐼𝑃𝐴𝑅 =
∑ (𝐹𝐼𝑃𝐴𝑅,ℎ 𝑃𝐴𝑅ℎ)

ℎ=𝑡𝑠𝑠
ℎ=𝑡𝑠𝑟+1

∑ 𝑃𝐴𝑅ℎ
ℎ=𝑡𝑠𝑠
ℎ=𝑡𝑠𝑟+1

 

(S62) 

𝑃𝐴𝑅ℎ = 𝐻𝑔,ℎ
∗ 𝐹𝑃𝐴𝑅/𝐻𝑔

 (S63) 

with 𝐹𝑃𝐴𝑅/𝐻𝑔
= 0.5 being the fraction of 𝐻𝑔 that corresponds to the PAR wavelength 

range. For the time of sunrise and sunset (𝑡𝑠𝑟 , 𝑡𝑠𝑠), we used the actual Julian date of sunrise 

and sunset simulated by the Sunrise–Sunset submodule. 

4. Phenology Module 

This module employs the chilling days model (CH, Equation (S64)) [14]. This model 

calculates the daily sum of the chilling rates (𝑅𝑐), using an optimal chilling daily mean air 

temperature  𝑇0 = 6°𝐶 [15]. In Equation S65, the numerical values are calibrated based 

on Hanninen [16] and Sarvas [17]. 
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𝐶𝐻 = ∑ 𝑅𝑐(𝑇)

𝑡𝑛

𝑡=0

≥ 𝐹 (S64) 

𝑅𝑐(𝑇) = { 

0                                             𝑇 ≤ −3.4                                      
(𝑇 + 3.4) (𝑇0 + 3.4)⁄          − 3.4 < 𝑇 < 𝑇0                            

(𝑇 − 10.4) (𝑇0 − 10.4)⁄      𝑇0 < 𝑇 < 10.4                              
1                                                𝑇 ≥ 10.4                                      

 (S65) 

In the Phenology module, the onset of vegetative growth is determined by the first 

sequence of 5 consecutive days with a 𝑇 > 10°𝐶 threshold of vegetative zero [18].  

Empirical Growing Degree–Days (GDD) models (FV, Equations (S66)) [19] were im-

plemented in the Phenology module. A 𝑇0 = 3.5°𝐶 is used for budburst, and for flower-

ing, veraison, and maturity, a 𝑇0 = 10°𝐶 is applied. In these models, the critical forcing 

state (F) was adjusted according to Lopes et al. [20] for the white grape varieties Alvarinho, 

Antão Vaz, Arinto, Avesso, Bical, Ratinho, Chardonnay, Encruzado, Fernão Pires, Fonte Cal, 

Gouveio, Loureiro, Malvasia Fina, Moscatel Graúdo, Rabigato, Sercial, Siria, Verdelho, and 

Viosinho, and for the red varieties Alfrocheiro, Aragonez, Baga, Castelão, Cabernet Sauvignon, 

Jaen, Ramsico, Rufete, Tinta Barroca, Tinta Caiada, Tinto Cão, Touriga Franca, Touriga Nacional, 

Trincadeira, and Vinhão. For these varieties, the budburst was analyzed after January 1st; 

while flowering, the budburst was analyzed after the first day of bud growth, the veraison 

was analyzed after the first day of flowering, the maturity was analyzed after the first day 

of veraison, and the chilling was analyzed after the first day of maturity. 

Additionally, this module uses the GDD model from Parker et al. [21], which starts 

on the 60th day of the year. This model employs a 𝑇0 = 0°𝐶 and Parker et al.’s [21] cali-

bration to determine the critical state. This model simulated the onset of flowering and 

veraison for other grape varieties, including the rosé grape Pinot Gris and Gewurztraminer, 

the red varieties Cabernet Franc, Syrah, and Sangiovese, and the white varieties Riesling and 

Viognier. 

𝐹𝑉 = ∑ 𝑅𝑓,𝑣(𝑇)

𝑡𝑛

𝑡=0

≥ 𝐹 
(S66) 

 

𝑅𝑓,𝑣(𝑇) = {
0               𝑇 ≤ 𝑇0

𝑇 − 𝑇0     𝑇 > 𝑇0
 

(S67) 

 

This Phenological module also accounts for episodes of frost (Table S2) that constitute 

an important risk to be managed by winegrowers, as it can cause significant damage to 

grapevines and very large losses, including the complete loss of grape production in a sea-

son [22]. Frost can be advective, black and radiative, or white [23,24]. Advective frost is 

associated with large-scale incursions of cold air, accompanied by strong wind, even dur-

ing the daytime. Radiative frost is associated with cooling due to the energy loss through 

an exchange in temperature during a clear sky day, with calm night wind, and temperature 

inversions, i.e., when the temperature increases with the height [25,26] . In some cases, a 

combination of advective and radiation frost can occur [27], causing vegetation to burn via 

frost/freezing.  

Radiative frosts are more frequent in the winter, but can also occur in the spring and 

autumn when they might damage the grapevines [28]. Unlike white frost, black frost has 

high destructive potential and can cause a great loss of yield and an economic impact [29]. 

In mainland Portugal, the risk of frost (advection frosts or black frosts, evaporation frosts 
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and irradiation frosts, or white frosts) is generally low throughout the territory but varies 

from medium to very high in the NE region (SNAA, 2012). This frost assessment was im-

plemented in the module after the budburst started, following the recommendation of Pol-

ing [23,29] and Perry [30]. 

Table S2. Types of frost implemented in the Phenology module. 

Frost Temperature of air Relative Humidity of 

air 

Wind Speed 

White frost −2.2°𝐶 < 𝑇 < 2.2°𝐶 𝑅𝐻 = 100%  

Frost/freeze 𝑇 < −2.2°𝐶 𝑅𝐻 < 70% 2.2𝑚𝑠−1 < 𝑊 < 4.5𝑚𝑠−1 

Black frost 𝑇 < −2.2°𝐶 𝑅𝐻 < 70% 𝑊 > 4.5𝑚𝑠−1 

 

In addition to these events, this module analyzes days with conditions that are favor-

able for flowering [31] (Table S3), and optimal pollen spread [31,32]. It also considers the 

favorable conditions for pollen germination and fertilization, where fertilization can occur 

within 12 hours [31]. 

 

 

Table S3. Conditions favorable for flowering and pollination in the Phenology module. 

Flowering process Ranges  

Conditions for flowering 15℃ ≤ 𝑇 ≤ 23℃ 𝑎𝑛𝑑  28℃ ≤ 𝑇

≤ 35℃ 

 

Optimal for flowering 24℃ ≤ 𝑇 ≤ 27℃  

Optimal pollen spread condi-

tions 

18℃ ≤ 𝑇 ≤ 22℃ 𝑅𝐻 < 65% 

Favorable conditions for pollen 

germination and fertilization 

25℃ ≤ 𝑇 ≤ 28℃  

 

Furthermore, this module analyzes the favorable meteorological conditions for scalds 

in grapes, indicated by a threshold of 𝑇𝑚𝑎𝑥 > 38°𝐶 on days with 𝑅𝐻 < 30%. It also exam-

ines the extreme precipitation events (𝑃 > 18 𝑚𝑚) occurring after the start of flowering. 

This module also calculated evapotranspiration (ETP) using the research by Zotarelli 

et al. [10] detailing the two processes of water loss from the land surface to the atmosphere: 

evaporation and transpiration. Evaporation refers to the transformation of liquid water 

into water vapor (vaporization) and its removal from sources such as soil surfaces, wet 

vegetation, pavements, and water bodies. Transpiration involves the vaporization of liq-

uid water within plants and the subsequent release of water vapor. 

5. Zoning Module 

This module infers the Dryness index, the Heliothermal Index of Huglin, the Cool 

Night indices from the Geoviticulture Multicriteria Climatic Classification System by To-

nietto and Carbonneau [33], and the Cool Night Quality Bioclimatic Index [34]. It quanti-

fies the mean air thermal amplitude during the maturation period and includes the 
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Hydrothermal Index of Branas [35], the Growing Season Suitability Index [36], and the 

Growing Season Precipitation Index [37], as described in Table S4. 

Table S4. Bioclimatic indices used in the geoviticulture climatic classification computed in the 

Zoning module. 

Index Formula Classes Thresholds 

Heliothermal or Huglin Index (𝐻𝐼)                                 

[38,39] 
∑

(𝑇 − 𝑇𝑏) + (𝑇𝑚𝑎𝑥 − 𝑇𝑏)

2
𝑙𝑑

30 𝑆𝑒𝑝𝑡

1 𝐴𝑝𝑟𝑖𝑙

 

Very cool ≤ 1500 

Fresh 1500 – 1800 

Temperate 1800 – 2100 

Hot temperate 2100 – 2400 

Hot 2400 – 3000 

Too hot > 3000 

Cool night índex(𝐶𝑁𝐼) [39] 
1

𝑁
∑ 𝑇𝑚𝑖𝑛

30 𝑆𝑒𝑝𝑡

1 𝑠𝑒𝑝𝑡

 

Warm nights ≥ 18ºC 

Temperate nights 14ºC – 18ºC 

Cool nights 12ºC – 14ºC 

Very cool nights ≤ 12ºC 

Cool Night Index (𝐶𝑁𝐼𝑠) [34] ( ∑ 𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛

30 𝑆𝑒𝑝𝑡

1 𝑠𝑒𝑝𝑡

) ( ∑ 𝑁 < 10º𝐶)

30 𝑆𝑒𝑝𝑡

1 𝑠𝑒𝑝𝑡

) 

Growing season suitability 

(GSS) [40 
∑ 𝑁(𝑇 > 10º𝐶)

30 𝑆𝑒𝑝𝑡

1 𝐽𝑎𝑛

 

Appropriate > 164 

Favorable 160 – 164 

Very favorable 151 – 160 

Favorable 147 – 151 

Appropriate < 147 

Growing season precipitation 

(GSP) [40] 
∑ 𝑃𝑑

30 𝑆𝑒𝑝𝑡

1 𝐴𝑝𝑟𝑖𝑙

 

Appropriate > 1021 

Favorable 972 – 1021 

Very favorable 873 – 972 

Favorable 823 – 873 

Appropriate < 823 

Hydrothermal index (𝐻𝑦𝑑) [31,41] ∑ (𝑇𝑚𝑒𝑎𝑛 ∗ 𝑃𝑑)

30 𝐴𝑢𝑔𝑢𝑠𝑡

1 𝐴𝑝𝑟𝑖𝑙

 

Risk of weak con-

tamination 
≤ 2500 

Risk of medium 

contamination 
2500 – 5100 

Risk of high con-

tamination 
≥ 5000 

Mean Thermal Amplitude in Sep-

tember (𝑀𝑇𝐴) [42] 

1

𝑁
∑ 𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛

30 𝑆𝑒𝑝𝑡

1 𝑠𝑒𝑝𝑡

 NA NA 

Monthly Dryness Index (𝐷𝐼) [33] 

𝐷𝐼 = 𝑊0 + 𝑃𝑚 − (𝑇𝑣 + 𝐸𝑠) Humid > 150 

𝑇𝑣 = 𝑘𝑐𝑃𝐸𝑇 Sub-humid 50 – 150 
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𝐾𝑐 = −1.184 + 0.01879𝑑𝑛 − 0.00004623𝑑𝑛
2 ,    𝑅2

= 0.66 

Moderate dryness (-100) – 50 

𝐸𝑠 =
𝑃𝐸𝑇(1 − 𝑘)𝑁𝑒𝑓 𝑝𝑟𝑒𝑐

𝑁
 

Accentuated dryness (-200) – (-100) 

𝑁𝑒𝑓 𝑝𝑟𝑒𝑐 = 𝑚𝑜𝑛𝑡ℎ𝑙𝑦 𝑎𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑟𝑎𝑖𝑛 𝑖𝑛 𝑚𝑚/5 Very sharp dryness ≤ (-200) 

 Moderate dryness (-100) – 50 

 

This module uses the Tonietto algorithm [39] to estimate the Potential Sugar Content 

Index (S, Equation S68). In this index, the Hydrologic Balance (DI) is calculated using the 

Monthly Dryness Index (DI) according to Table S4. This index considers an initial soil 

water reserve (𝑊0) in April and the daily accumulated precipitation (𝑃𝑑) from April to 

September, as well as the vegetation transpiration (𝑇𝑣, Table S4) and the soil evaporation 

(𝐸𝑠) for the same period. 

Equation S67 uses the reference potential evapotranspiration (𝑃𝐸𝑇) determined from 

the FAO–Penman–Monteith (PM) method recommended by the FAO [43], and the sea-

sonal crop coefficient (𝐾𝑐) determined based on the quadratic equations of Williams et al. 

[44] for each day of the year (𝑑𝑛). 

 

𝑆 = 239.04 − 0.477 𝐹𝑙𝑜𝑟 − 0.171 𝐷𝐼 + 1.025 (𝑁𝑉𝑒𝑟𝑎𝑖−𝑀𝑎𝑡𝑢) + 1.423 (𝑇𝑉𝑒𝑟𝑎𝑖−𝑀𝑎𝑡𝑢 1)

− 2.110 (𝑇𝑉𝑒𝑟𝑎𝑖−𝑀𝑎𝑡𝑢 2) 

(S68) 

𝑇𝑉𝑒𝑟𝑎𝑖−𝑀𝑎𝑡𝑢 1 : { 
𝐼 > 95 𝑇𝑉𝑒𝑟𝑎𝑖−𝑀𝑎𝑡𝑢 1 =  𝑇𝑉𝑒𝑟𝑎𝑖−𝑀𝑎𝑡𝑢 

 

𝐼 ≤ 95 𝑇𝑉𝑒𝑟𝑎𝑖−𝑀𝑎𝑡𝑢 1 = 22.2º𝐶            
 

(S69) 

𝑇𝑉𝑒𝑟𝑎𝑖−𝑀𝑎𝑡𝑢 2  ∶  {
 𝐼 ≥ 95 𝑇𝑉𝑒𝑟𝑎𝑖−𝑀𝑎𝑡𝑢 2 = 17.1º𝐶          
𝐼 < 95 𝑇𝑉𝑒𝑟𝑎𝑖−𝑀𝑎𝑡𝑢 2 = 𝑇𝑉𝑒𝑟𝑎𝑖−𝑀𝑎𝑡𝑢 

 
(S70) 

𝐼 =
100 ∑ 𝑃𝐸𝑇

30 𝑠𝑒𝑝𝑡
1 𝑗𝑢𝑙𝑦

∑ 𝐸𝑇𝑃𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑚𝑜𝑛𝑡ℎ
30 𝑠𝑒𝑡𝑝
1 𝐽𝑢𝑙𝑦

 
(S71) 

6. Illness Module 

6.1. Powdery Mildew submodule 

This submodule was implemented based on the Powdery Mildew Risk Assessment 

Model developed by the University of California, Davis [1]. This model is derived from 

epidemiological studies and has been validated across all the grape production areas in 

California. In this submodule, the meteorological conditions for infections by ascospores 

and conidia are based on the daily air temperatures during leaf wetness events, as de-

scribed in Table S5 and Scheme S1. According to the Powdery Mildew Risk Assessment 

Model, a risk assessment index of 60-100 indicates that the pathogen reproduces every 5 

days, whereas an index of 0-30 means that the pathogen reproduces every 15 days [1] 
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Table S5. Control scheme for the powdery mildew fungus implemented in the Powdery Mildew 

submodule is based on the University of California, Davis Powdery Mildew Risk Assessment Model 

[1]. 

Sexual ascospores infection Period for infection    

5.5°𝐶 < 𝑇𝑚𝑖𝑛 < 6.9°𝐶 𝑎𝑛𝑑 𝑃 ≥ 2.5 𝑚𝑚 3 days  

7.0°𝐶 < 𝑇𝑚𝑖𝑛 < 12.0°𝐶 𝑎𝑛𝑑 𝑃 ≥ 2.5 𝑚𝑚 2 days 

12.1°𝐶 < 𝑇𝑚𝑖𝑛 < 25.0°𝐶 𝑎𝑛𝑑 𝑃 ≥ 2.5 𝑚𝑚 1 day 

Conidial infections—risk assessment Germination to conidia Infection 

21.1°𝐶 < 𝑇𝑚𝑎𝑥 < 29.4°𝐶 

In 12 days – if the condition is true 

20 points per day in a total of 100 

points, if false less 10 points. 

Soft Normal Heavy 

≤ then 30 between 

both 

≥ then 60 

 

 

Scheme S1. Conceptualization of the Powdery Mildew submodule. 

6.2. Complementary Relationships in Powdery Mildew Epidemics 

In the submodule, the relationships between the temperature and germination rate 

(GR, Equation S72), the penetration rate (PR, Equation S73), and the reduction in the ger-

mination rate (GMR, Equation S74) due to the presence of liquid water on the host surface 

(estimated by Delp [45]), as well as the effect of liquid water on sporulation (SRM, Equa-

tion S75, estimated by Chellemi [46]), were described by Arafat [47] for the powdery mil-

dew epidemics. 

 

𝐺𝑅 = −2.641 + 0.256 𝑇 − 0.00528 𝑇2 (S72) 

𝑃𝑅 = −0.639 + 0.108 𝑇 − 0.00254 𝑇2 (S73) 

𝐺𝑀𝑅 = 1.155 − 0.014 𝑇 (S74) 

𝑆𝑅𝑀 = −10.998 + 0.939 𝑇 − 0.019𝑇2 (S75) 

6.3. Downy Mildew submodule 

This submodule determines the primary and secondary infections of pseudo fungus 

downy mildew based on the rule of thumb described by Magarey [48] as outlined in Table 

S6. 
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Table S6. The control scheme for downy mildew implemented in the Downy Mildew submodule is 

based on Magarey [48]—Managing Downy Mildew. 

1 day 

Oospore germination 𝑃𝑑 ≥ 10 𝑚𝑚 𝑎𝑛𝑑  𝑇𝑚𝑖𝑛 ≥ 8º𝐶 

Zoospore realizes and primary infection: 𝑃𝑑 ≥ 2.5 𝑚𝑚 𝑎𝑛𝑑  𝑇𝑚𝑎𝑥 ≥ 20º𝐶 

After 17 days 
Oilspot formation from primary infection 

Sporangia: 𝑅𝐻 ≥ 98% 𝑎𝑛𝑑  𝑇𝑚𝑖𝑛 ≥ 13º𝐶 

Oilspot Zoospores realize and second infection: 𝑃𝑑 ≥ 2.5 𝑚𝑚 𝑎𝑛𝑑  𝑇𝑚𝑎𝑥 ≥ 20º𝐶 

 

 

Scheme S2. Conceptualization of the Downy Mildew submodule. 

6.4. Delay or advance of downy mildew outbreaks 

This submodule calculates the quantification of the delay or the advance of downy 

mildew outbreaks according to Salinari et al. [49] According to this author, the average 

date of the first seasonal outbreak and the delay (D) is represented by the linear regressions 

in Equations S76 to S78. 

𝐷 = −6.061 − 3.686 𝐷𝐹1  (S76) 

𝐷𝐹1 = 0.473 𝑇𝑗𝑎𝑛 − 0.142 𝑇𝐹𝑒𝑣 − 0.086 𝑇𝑀𝑎𝑟𝑐 + 1.644 𝑇𝐴𝑝𝑟𝑖 + 0.754 𝐶𝑅𝐷𝑀𝑎𝑟𝑐

+ 0.025 𝐶𝑁𝐷𝑀𝑎𝑟𝑐 + 0.047 𝑅𝐷𝐴𝑝𝑟𝑖 − 23.1 

(S77) 

𝐷𝐹2 = −0.035 𝑇𝐽𝑎𝑛 − 0.008 𝑇𝐹𝑒𝑣 − 0.663 𝑇𝑀𝑎𝑟𝑐 − 0.318 𝑇𝐴𝑝𝑟𝑖

+ 0.161 𝐶𝑅𝐷𝑀𝑎𝑟𝑐 + 0.104 𝐶𝑁𝐷𝑀𝑎𝑟𝑐 + 0.106 𝑅𝐷𝐴𝑝𝑟𝑖 + 6.5 

(S78) 

Here, 𝑇 represents the average daily mean air temperature (ºC) for each month from 

January to April; 𝐶𝑅𝐷𝑀𝑎𝑟𝑐  represents the maximum number of consecutive rainy days 

(rain ≥ 0.2 mm) in March; 𝐶𝑁𝐷𝑀𝑎𝑟𝑐 represents the maximum number of consecutive days 

without rain in March; and 𝑅𝐷𝐴𝑝𝑟𝑖  represents the number of rainy days in April. 

For 𝐷 < 0, the outbreak of downy mildew is advanced, and for 𝐷 > 0, 𝑖𝑡 is delayed. 

𝐷𝐹1 accounts for 73% of the variability and 𝐷𝐹2 accounts for 27%. The classification of 

𝐷𝐹1 and 𝐷𝐹2 is expressed in a discriminant analysis to distinguish the groups of the  pre-

cocity of the first seasonal outbreaks of grapevine downy mildew (I to III, early to late 

outbreaks) that occurred in Spresiano (North Italy) from 1980 to 2005, as described in Sa-

linari et al. [49]. 
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7. Interactions between IMVSCA model modules 

The IMVSCA system comprises four modules, Light–Shadow, Phenology, Zoning, 

and Illness. The module Light–Shadow is formed by three submodules: Sunrise–Sunset, 

Tree–Shadow, and Light–Orchard. In the Sunrise–Sunset submodule, the sunrise and sun-

set hours are calculated. These hours are integrated with the Tree–Shadow submodule and 

the Light–Orchard submodule to define the daily period during which a vineyard is influ-

enced by sunlight passing around the tree crown and receiving photosynthetically active 

radiation. Also, some astrophysics parameters of the Tree–Shadow submodule are calcu-

lated using the solar declination simulated by the Sunrise–Sunset submodule. 

In the Tree–Shadow submodule, the mean air temperature surrounding a vineyard 

exposed to daily sunlight and the shadow of the tree are calculated, along with the relative 

humidity. Both the variables are calculated within the period encompassed by the vegeta-

tive and hydrological cycles. 

In the Light–Orchard submodule, the photosynthetically active radiation (PAR) re-

ceived by the vineyards under the shadow of fruit trees, in an orchard configuration, is 

calculated. This submodule uses the solar azimuth angle, the solar elevation angle at a 

given hour, the daily extraterrestrial radiation, and the daily global radiation simulated by 

the Tree–Shadow submodule to calculate the hourly extraterrestrial solar radiation and the 

hourly incident global solar irradiance. 

The two outputs of the Tree–Shadow submodule are integrated with the other ob-

served input variables described in this document within the Phenology, Zoning, and Ill-

ness modules.  

The interaction between the Tree–Shadow submodule and the Phenology module, as 

well as the interaction between models in the Phenology module, is described as follows:  

• The mean air temperature provided by the Tree–Shadow submodule is used dur-

ing the vegetative cycle as an input variable to determine the start of vegetative 

growth in the vineyards under the shadow effect, including budburst, flowering, 

veraison, maturity, and chilling; 

• Regarding phenological phases, when grapevine varieties such as Riesling and 

Viognier, which produce white wine, Pinot Gris, and Gewürztraminer, which pro-

duce rosé wine, and Cabernet Franc, Syrah, and Sangiovese, and which produce 

red wine, were chosen for analysis, the onset of the phenological phases (flower-

ing, veraison, and maturity) are determined by the accumulation of the mean air 

temperature starting from the 60th day of the year, according to Parker et al. [21]. 

Meanwhile, with the other varieties of white grapes such as Alvarinho, Antão Vaz, 

Arinto, Avesso, Bical, Ratinho, Chardonnay, Encruzado, Fernão Pires, Fonte Cal, 

Gouveio, Loureiro, Malvasia Fina, Moscatel Graúdo, Rabigato, Sercial, Siria, 

Verdelho, and Viosinho, and red varieties such as Alfrocheiro, Aragonez, Baga, 

Castelão, Cabernet Sauvignon, Jaen, Ramsico, Rufete, Tinta Barroca, Tinta Caiada, 

Tinto Cão, Touriga Franca, Touriga Nacional, Trincadeira, and Vinhão, the onset 

of the next phenological phase begins after the accumulation of the mean air 
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temperature reaches a threshold, starting from the onset of the previous pheno-

logical phase, as defined by Wang [19] and Lopes et al. [20]; 

• After the budburst begins, frost control is performed using the relative humidity, 

along with other input variables provided by the observations as described in this 

document; 

• After the start of flowering, the optimal ranges for pollination and germination are 

calculated using the relative humidity and mean air temperature, and extreme 

precipitation events, are determined using accumulated precipitation; 

• Scald risk is determined using the relative humidity; 

• Both of the variables are used to calculate the Penman–Monteith potential evapo-

transpiration during the hydrological cycle period; 

• After the start of maturation, the temperature accumulation is monitored to deter-

mine the onset of chilling in the vineyard in the Phenology module; 

• The interaction between the Tree–Shadow submodule, the Phenology module, 

and Zoning module, is described as follows:  

• The Potential Sugar Content Index in the Zoning module is determined using the 

periods between the onset of the flowering, veraison, and maturation phases sim-

ulated in the Phenology module. It utilizes the Penman–Monteith potential evap-

otranspiration data from the Phenology module, along with other observed vari-

ables, to estimate the sugar content in grapes; 

• The mean air temperature and relative humidity provided by the Tree–Shadow 

submodule are used within the hydrological cycle period as input variables for all 

the indices in the Zoning module that require them; 

• The Illness module consists of two submodules: the Powdery Mildew submodule 

and the Downy Mildew submodule. The interaction between the Tree–Shadow 

submodule, the Phenology module, and the two submodules of the Illness module 

is described as follows: 

• The Downy Mildew submodule uses the relative humidity data provided by the 

Tree–Shadow submodule during the vegetative cycle period; 

• In the Powdery Mildew submodule, conidiospore control is performed 12 days 

after the start of vineyard budburst, over the next 3 days.  
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