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· Supplementary Data S1: Diurnal patterns of light absorption and photosynthetic gain of grapevine canopy at five representative sites
· Supplementary Data S2: Cumulative photosynthetic gain of grapevine canopy during growth period at 1,266 sites

Supplementary Figures
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Figure S1: Location of sites subjected to the present analysis. Site elevations are indicated by the color of the symbols (n = 1,266).
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Figure S2: Schematic representation of a hedge-row vineyard light simulation model. Perspective views of (a, b) EW- and (c, d) NS-hedges with (a, c) and without (b, d) shade by the neighboring hedges. See the method for further details.
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Figure S3: Diurnal patterns of canopy light absorption. Hourly values of leaf photon absorption per unit ground area of a flat canopy, East-West hedges and North-South hedges (black, red, and blue lines, respectively) of five representative sites and three timeframes are shown. Numbers at the top of panels are daily integral absorption and absorbed fractions relative to incident radiation on horizontal surface (gray lines).
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Figure S4: Diurnal patterns of canopy photosynthesis and temperatures at Cape Town, South Africa (33.97°S). Hourly values of net canopy photosynthetic rates based on two photosynthesis models (blue lines, solid lines based on Schultz and dashed lines based on Prieto et al.), temperatures of leaves exposed to direct radiation or shaded by the neighboring hedge (darkred and orange lines, respectively), and air temperature (gray lines) of a flat canopy, East-West hedges and North-South hedges in three timeframes under (a) the present climate and (b) the future climate are shown. Numbers at the top of panels are daily integral photosynthetic gains per unit ground area.
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Figure S5: Same as Figure S4, but for San Francisco, USA (37.62°N)
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Figure S6: Same as Figure S4, but for Sapporo, Japan (43.05°N).
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Figure S7: Same as Figure S4, but for Burgundy, France (47.27°N).
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Figure S8: Same as Figure S4, but for Oslo, Norway (59.93°N).
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Figure S9: Same as Figure 2, but for East-West hedges.
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Figure S10: Projected rise in growth season temperature. Differences in mean values of air temperatures at a height of 2 m between the present and +4-K climate scenarios from April to October for the Northern Hemisphere and from November to March for the Southern Hemisphere, sourced from d4PDF, are shown.
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Figure S11: Same as Figure 3, but for the North American region.
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Figure S12: Same as Figure 3, but for the South American region.
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Figure S13: Same as Figure 3, but for the Asian region.
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Figure S14: Same as Figure 3, but for the South African region
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Figure S15: Probability densities of cumulative canopy photosynthetic and related components. Densities of (a) growth period duration, (b) cumulative photon absorption, and (c) cumulative photosynthetic gain of sites that meet both heat and chilling requirements are shown. The densities are shown when sufficient data are available (n > 20).
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	[bookmark: fig-count]Table S1: Effects of climate change on the number of suitable sites for viticulture.
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	Table S2: List of parameters used in the present model.
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	[bookmark: fig-temp]Table S3: Temperature dependency of the photosynthetic parameters.
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[bookmark: supplementary-equation-s1]Supplementary Equation S1
The global solar radiation on the horizontal surface (Rn; W m-2) was estimated and separated into direct and diffuse components as follows:

where Rdir is the cosine corrected direct irradiance (W m-2) and Rdif is the diffuse irradiance (W m-2) per unit area of horizontal ground. These two components were simulated from the site latitude, day of year, vapor pressure, atmospheric turbidity coefficient, and surface albedo around the site66. As the radiation model incorporated the attenuation of solar radiation due to water vapor, the simulated quantities were slightly smaller in the future experiments than those in the historical experiment.
The lengths of the vertical parts of the canopy directly illuminated and shaded by a neighboring hedge (Llight and Lshade; m) were calculated from the path of direct sunlight (see Figure S2). L is the hedge height (m), D is the distance between the centers of the neighboring hedges (m), W is the hedge width (m),  is the solar azimuth angle (°),  is the angle of the vineyard slope fixed at 5°. For simplicity, we considered vineyards on south- and north-facing slopes in the Northern and Southern Hemispheres, respectively. Llight equals 0 when the solar azimuth is parallel to the hedge rows.
By assuming that leaves in the light part absorb incident radiation uniformly, irradiance per unit leaf area brought about by direct radiation (Idir,light; W m-2) was calculated as follows:

where fcover is the fraction of hedge shades covering surface (%),  is the leaf absorptance fixed at 85 % (adopted from a reported value of a single mature leaf67), and  is the leaf area in a hedge 1 m height and 1 m width fixed at 2.0 m2. The value of  was approximated from a grapevine trained to a horizontal single-cordon system with a shoot spacing of 10 cm, internode distance of 10 cm, and leaf area of 200 cm2. Reflected and transmitted radiation were not considered in this model. 
Diffuse radiation on the light and shade leaves was estimated separately68. The hemispherical sky was divided into small sections defined by 20 elevation-angle classes and 32 azimuth classes. The light and shade leaves receive diffuse radiation from the sky sections if the light paths are not intercepted by the neighboring hedges. Centroids of light and shade leaves were regarded as representatives of the two parts to reduce the computational cost. The irradiance on a unit vertical surface area caused by diffuse radiation was calculated by integrating the radiation from sky sections that were not intercepted by neighboring hedges as follows:

where K is the radiant emittance uniform over the sky (W m-2), and  (°) and  (m2) are the elevation angle and area of the section i, respectively. K was determined by solving the following equation for the diffuse radiation on the horizontal ground surface:

The diffuse irradiance per unit leaf area on the light and shade leaves (Idif,light and Idif,shade; W m-2) was then calculated as

and

Radiation absorbed by light and shade leaves attributed to light penetrating from the canopy top was calculated according to Beer’s law:

and

where k is the light extinction coefficient fixed at 0.7.
The total irradiance per unit leaf area on the light leaves (Ilight, W m-2) corresponds to Ilight,dir + Ilight,dif + Ilight,top and that on the shade leaves (Ishade, W m-2) corresponds to Ishade,dif + Ishade,top. These energy-based quantities were converted into photon-based quantities by multiplying them with a coefficient of 2.15. This coefficient was obtained by assuming that 47 % of the total irradiance was photosynthetically active (i.e. 400–700 nm) and that photosynthetic photon flux density (PPFD) per irradiance in this waveband was 4.57 for daylight69. These leaf-area-based quantities were converted into ground-area based quantities by dividing D.
For comparison, light absorption and photosynthetic gain of a horizontally uniform flat canopy were also estimated. The upper and lower halves were considered as light and shade leaves, respectively. The irradiance per unit leaf area on light and shade leaves is expressed as follows:

and

where LAI is the leaf area index (m2 m-2) and is equals to .
[bookmark: supplementary-equation-s2]Supplementary Equation S2
Leaf photosynthetic rate per unit leaf area was estimated according to the Farquhar-von Caemmerer-Berry C3 photosynthesis model62.
[bookmark: eq-A]
where VC and VO are the rates of carboxylation and oxygenation of Rubisco, Ci is the CO2 partial pressure in intercellular spaces, Rd is the rate of CO2 evolution in the light (day respiration), and  is the compensation point for CO2 in the absence of day respiration.
VC is assumed to be limited by one of three factors: (1) the quantity, kinetic properties, and activation state of Rubisco (Wc); (2) ribulose-1,5-bisphosphate (RuBP) regeneration in the Calvin cycle (Wj); and (3) the availability of inorganic phosphate (Wp) or



and

where Vcmax is the maximum rate of carboxylation, KC and KO are the Michaelis-Menten constants for carboxylation and oxygenation, respectively, J is the rate of electron transport through photosystem II, and TPU is the rate of triose-phosphate utilization. The response of J to the incident PPFD (Q) is modeled with the following rectangular hyperbola70:
[bookmark: eq-J]
where  is the efficiency of light conversion related to the incident photons and Jmax is the maximum rate of electron transport.
The temperature dependencies of , KC, KO, Vcmax, Jmax, and TPU were simulated according to two studies17,63 as listed in Table S3.
[bookmark: eq-Arrhenius1]
and
[bookmark: eq-Arrhenius2]
where P25 is the parameter at 25 °C (µmol m-2 s-1), c is the scaling constant, Ha is the activation energy (kJ mol-1), Hd is the de-activation energy (kJ mol-1), S is the entropy term (kJ mol-1), Rgas is the gas constant (0.00831 kJ K-1 mol-1), and Tleaf is the leaf temperature (°C) calculated based on the leaf energy balance.
The temperature dependencies of Rd and  are expressed differently in the models of Schultz17 and Prieto et al.63. Schultz17 adopted the following polynomial correction


where d0, d1, d2, e0, e1, and e2 are empirical coefficients. Prieto et al.62 adopted the Arrhenius equation (Equation 18).
Down-regulation of Vcmax, Jmax, and Rd was corrected by multiplying the empirical scaling factors adopted from the latest meta-analysis39. Assuming that the parameters of the two studies were obtained at atmospheric CO2 concentration of 400 ppm, Vcmax, Jmax, and Rd under 500 and 850 ppm conditions were estimated as follows:






where numbers in the subscripts indicate the atmospheric CO2 concentrations.
Stomatal conductance to water vapor (gs) is expressed as a function reflecting stomatal sensitivity to environmental conditions () and residual stomatal conductance (g0), as follows:

The sensitivity functions adopted by Schultz’s and Prieto’s models are

and

respectively, where g1, a1, and D0 are empirical factors; RH is the relative humidity (%); VPD is the vapor pressure deficit (kPa); gb is the boundary layer conductance; Ca is the atmospheric CO2 concentration (µmol mol-1); and  is the CO2 compensation point (µmol mol-1). a1 was fixed at 6.25 µmol mol-1, D0 at 26 kPa, and  at 40 µmol mol-1, and the boundary layer resistance was ignored (i.e., A/gb = zero).
The intercellular CO2 concentration was calculated from stomatal conductance and atmospheric CO2 concentration using the following equation:

where 1.6 is a factor that corrects for the difference in the diffusivity between CO2 and H2O.
Equations of assimilation demand (Equation 12–Equation 17) and stomatal supply (Equation 22–Equation 25) were solved using the Photosyn function in the R package plantecophys61.
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zone total



early ripeness middle ripeness late ripeness



suitable violate chilling violate heat violate both suitable violate chilling violate heat violate both suitable violate chilling violate heat violate both



HIST, 400 ppm



(0,10] 56 0 56 0 0 0 56 0 0 0 56 0 0



(10,20] 108 0 108 0 0 0 108 0 0 0 108 0 0



(20,30] 147 33 111 3 0 33 111 3 0 32 110 4 1



(30,40] 261 178 69 14 0 175 68 17 1 167 65 25 4



(40,50] 287 180 8 97 2 132 7 145 3 91 6 186 4



(50,60] 268 28 0 225 15 11 0 242 15 4 0 249 15



(60,70] 138 0 0 103 35 0 0 103 35 0 0 103 35



(70,80] 1 0 0 0 1 0 0 0 1 0 0 0 1



+2 K, 500 ppm



(0,10] 56 0 56 0 0 0 56 0 0 0 56 0 0



(10,20] 108 0 108 0 0 0 108 0 0 0 108 0 0



(20,30] 147 21 124 2 0 20 124 3 0 20 124 3 0



(30,40] 261 157 93 11 0 156 93 12 0 155 91 13 2



(40,50] 287 200 21 64 2 167 21 97 2 128 17 136 6



(50,60] 268 73 0 189 6 25 0 237 6 12 0 250 6



(60,70] 138 0 0 113 25 0 0 113 25 0 0 113 25



(70,80] 1 0 0 0 1 0 0 0 1 0 0 0 1



+4 K, 850 ppm



(0,10] 56 0 56 0 0 0 56 0 0 0 56 0 0



(10,20] 108 0 108 0 0 0 108 0 0 0 108 0 0



(20,30] 147 6 140 1 0 5 140 2 0 5 140 2 0



(30,40] 261 101 153 7 0 100 153 8 0 98 153 10 0



(40,50] 287 239 38 10 0 216 38 33 0 189 36 60 2



(50,60] 268 202 3 62 1 140 2 124 2 81 2 183 2



(60,70] 138 31 0 98 9 3 0 126 9 0 0 129 9



(70,80] 1 0 0 1 0 0 0 1 0 0 0 1 0
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Parameter Value Unit Description



Canopy light submodel variables



α 5 ° Angle of vineyard slope



L 1.5 m Canopy height



Llight - m Vertical length of canopy part illuminated by direct radiation



Lshade - m Vertical length of canopy part shaded by the neighboring hedge



D 2.5 m Distance between hedges



W 0.3 m Canopy width



ρ 2 m2 m-2 Leaf density



LAI 1.2 m2 m-2 Leaf Area Index



ε 85 % Leaf absorptance



k 0.7 - Light extinction coefficient



fcover - % Fraction of hedge shades covering surface



θ - ° Solar azimuth angle



φ - ° Solar elevation angle



K - W m2 Radiant emittance of sky section of a unit area



hi - ° Elevation angle to the centroid of sky section i



Ωi - m2 Area of sky section i



Rn - W m-2 Total irradiance on horizontal surface



Rdir - W m-2 Direct irradiance on horizontal surface (cosine corrected)



Rdif - W m-2 Diffuse irradiance on horizontal surface



Idir,light - W m-2 Irradiance on light leaves attributed to direct radiation



Idif,light - W m-2 Irradiance on light leaves attributed to diffuse radiation



Itop,light - W m-2 Irradiance on light leaves attributed to radiation penetrating from the canopy top



Idif,shade - W m-2 Irradiance on shade leaves attributed to diffuse radiation



Itop,shade - W m-2 Irradiance on shade leaves attributed to radiation penetrating from the canopy top



Energy balance and gas exchange submodel variables



Tair - °C Air temperature



Tleaf - °C Leaf temperature



RH - % Relative humidity



VPD - kPa Leaf-to-air vapor pressure deficit



u 2 m s-1 Wind speed



dleaf 0.11 m Characteristic leaf dimension



gc 5 mmol m-2 s-1 Pa-1 Cuticle conductance (used for energy balance simulation)



Rgas 0.00831 kJ mol-1 K-1 Gas constant



A - µmol m-2 s-1 Net photosynthetic CO2 uptake rate per unit leaf area



Rd - µmol m-2 S-1 Dark respiration rate in the light



Wc - µmol m-2 s-1 Rate of carboxylation limited by rubisco



Wj - µmol m-2 s-1 Rate of carboxylation limited by electron transport



Wp - µmol m-2 s-1 Rate of carboxylation limited by triose phosphate utilization



Kc - µmol mol-1 Michaelis constant for CO2



Ko - mmol mol-1 Michaelis constant for O2



Vc - µmol m-2 s-1 Carboxylation rate



Vo - µmol m-2 s-1 Oxygenation rate



Φ - mol mol-1 Apparent quantum yield of CO2 assimilation



J - µmol m-2 s-1 Rate of electron transport



Jmax - µmol m-2 s-1 Maximum rate of electron transport



Q - µmol m-2 s-1 Photosynthetic photon flux density



Vcmax - µmol m-2 s-1 Maximum rate of RuBP saturated carboxylation



TPU - µmol m-2 s-1 Rate of triose phosphate utilization



Ca {400, 500, 850} µmol mol-1 Atmospheric CO2 concentration



Ci - µmol mol-1 Intercullar CO2 concentration



O 210 mmol mol-1 Partial pressure of O2



Γ 40 µmol mol-1 Compensation point for CO2



Γ* - µmol mol-1 Compensation point for CO2 in the absence of dark respiration



c - - Scaling constant



ΔS - kJ mol-1 Entropy term



ΔHa - kJ mol-1 Energy of activation



ΔHd 200 kJ mol-1 Energy of de-activation



gis - mol m-2 s-1 Stomatal conductance to water vapor



g0 - mol m-2 s-1 Residual stomatal conductance when A approaches zero



gb Inf mol m-2 s-1 Boundary layer conductance to water vapor



g1 11.869 µmol mol-1 Empirical coefficient for assessing stomata responsiveness



a1 6.25 µmol mol-1 Empirical coefficient for assessing stomata responsiveness



D0 26 kPa Empirical coefficient for assessing stomata responsiveness
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Parameters



Schultz (2003) Prieto et al. (2012)



UnitLight leaves Shade leaves Light leaves Shade leaves



Kc



c 35.79 35.79 38.05 38.05 -



ΔHa 80.47 80.47 79.43 79.43 kJ mol-1



Ko



c 9.59 9.59 20.3 20.3 -



ΔHa 14.51 14.51 36.38 36.38 kJ mol-1



Rd



P25 - - 0.52 0.5 µmol m-2 s-1



c - - 18.72 18.72 -



ΔHa - - 46.39 46.39 kJ mol-1



d0 0.2318 0.1447 - - µmol m-2 s-1



d1 0.0822 0.0822 - - -



d2 0.00222 0.00222 - - -



Γ*



P25 - - 1 (scaled) 1 (scaled) µmol mol-1



c - - 19.02 19.02 -



ΔHa - - 37.83 37.83 kJ mol-1



e0 36.98 36.98 - - µmol mol-1



e1 1.88 1.88 - - -



e2 0.036 0.036 - - -



Vcmax



P25 1 (scaled) 1 (scaled) 50 27 µmol m-2 s-1



c 32.64 34.73 26.35 26.35 -



ΔHa 71.23 7.665 65.33 65.33 kJ mol-1



ΔHd 200 200 200 200 kJ mol-1



ΔS 0.643 0.659 0.635 0.635 kJ mol-1



Jmax



P25 1 (scaled) 1 (scaled) 91 53 µmol m-2 s-1



c 70.53 38.85 17.7 17.7 -



ΔHa 161.21 85.43 43.9 43.9 kJ mol-1



ΔHd 200 200 200 200 kJ mol-1



ΔS 0.672 0.659 0.635 0.635 kJ mol-1



TPU



P25 1 (scaled) 1 (scaled) 7 4 µmol m-2 s-1



c 6.66 36.93 21.46 21.46 -



ΔHa 11.51 87.22 53.1 53.1 kJ mol-1



ΔHd 200 200 200 200 kJ mol-1



ΔS 0.636 0.659 0.635 0.635 kJ mol-1



Φ



15–20 °C 0.2 0.24 0.2 0.24 mol mol-1



20–25 °C 0.19 0.22 0.19 0.22 mol mol-1



25–30 °C 0.19 0.22 0.19 0.22 mol mol-1



30–34 °C 0.14 0.16 0.14 0.16 mol mol-1



> 34 °C 0.12 0.15 0.12 0.15 mol mol-1



g0



(const) 0.01523 0.01523 0.0185 0.0185 molH2O m-2 s-1



g1



(const) 11.869 11.869 - - NA



a1



(const) - - 6.25 6.25 NA



D0



(const) - - 26 26 kPa
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d, NS hedge without shade by the neighboring hedge b, EW hedge without shade by the neighboring hedge 
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c, NS hedge with shade by the neighboring hedge a, EW hedge with shade by the neighboring hedge 
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(r1, z1)



(r2, z2)



(r1, dz1)
(r2, dz2) NS hedge



x1 = 0,  y1 = 0, if sinf = 0;
x1 = d,  y1 = d / tanf, otherwise;



x2 = 0,  y2 = 0, if sinf = 0;
x2 = D,  y2 = D / tanf, otherwise.



EW hedge
x1 = 0,  y1 = 0, if cosf = 0;
x1 = d tanf,  y1 = d, otherwise;



x2 = 0,  y2 = 0, if cosf = 0;
x2 = D tanf,  y2 = D, otherwise.



NS and EW hedge
z1 = r1 tanq = sqrt(x1



2+ y1
2) tanq



z2 = r2 tanq = sqrt(x2
2+ y2



2) tanq



dz1 = −y1 tana
dz2 = −y2 tana



Llight = max{0, min{L, z1 − dz1}}
fcover = max{0, min{1, L / (z2 − dz2)}}



top view side view



Llight
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Lshade



D
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