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Abstract:

Aims: This paper presents a study solar radiation spatiltemporal variations in Bordeaux
winegrowing area, for a 20 year period (1986-2005).

Methods and results: Solar radiation data was retrieved from the Hdiim€l database,
elaborated from Meteosat satellite images, usimgHleliosat-2 algorithm. Daily data was
interpolated using ordinary kriging to produce horital solar radiation maps at a 500 m
resolution. Using a digital elevation model, higisalution daily solar radiation maps with
terrain integration were then produced for the quer2001-2005, at a 50 m resolution. The
long term (20 years) analysis of solar radiatioost spatial resolution (500 m) showed a
west to east decreasing gradient within Bordeangyards. Mean August-to-September daily
irradiation values, on horizontal surface, wereduseclassify Bordeaux winegrowing areas in
three zones: low, medium, and high solar radiasiggas. This initial zoning was upscaled at
50 m resolution, applying a local correction rati@sed on 2001-2005 solar radiation on
inclined surface analysis. Grapevine development maturation potential of the different
zones of appellation of origin of Bordeaux winegnogvarea are discussed in relation with
this zoning.



Conclusions: Solar radiation variability within Bordeaux winegving area is mainly
governed by terrain slopes and orientations, winduce considerable variations within the
eastern part of Bordeaux vineyards.

Significance and impact of the studySolar radiation has a major impact on vineyard wate
balance, grapevine development and berry ripenttmwever, irradiation data is seldom
available in weather stations records. This papefetine the interest of high resolution
cartography of solar radiation, using satellite skeg and terrain effect integration, for
agroclimatic studies in viticulture.

Keywords. Solar radiation, remote sensing, Vitis viniferartography, Bordeaux vineyards.

1 INTRODUCTION

Solar radiation has a large influence on vine gnowerry ripening, and disease development
in vineyards. Its effects are numerous, and itcidf@ther climate variables. Hence, vineyard
microclimate depends strongly on this variable. Mafsthe radiative balance is determined
by incoming solar radiation. It induces variatiarfssurface and air temperature, and it has a
major role in evaporative processes, such as enapspiration (Priestley and Taylor, 1972;
Bois et al., 2005). Solar radiation determines micg light and photosynthetically active
radiations (PAR). For grapevin¥ifis vinifera L), as for most of the plants, light availability
increases dry mass production (Buttrose, 1969; lret al., 2007). But in hot and dry
conditions, photosynthesis can be reduced despitelimiting light conditions (Zufferey et
al., 2000). Several researches have enlighteneditheulties to separate temperature from
light effects on photosynthesis activity and bematuration in natural conditions, as
incoming solar radiation determines both of thdseatic variables (Crippen and Morrison,
1986; Schultz et al., 1996; Bergqvist et al., 200Rgsults concerning the influence of sun
exposition on berries differ according to locati@msl experimental conditions. Overexposure
to sunlight may decrease anthocyanin contents ofelse(Bergqvist et al., 2001) and sugar
concentration (Kliewer and Lider, 1968). Howevergar concentration level may increase in
sun exposed berries due to water loss (Crippenhodison, 1986). In all experiments,
sunlight-exposed fruits are lower in malate condidn and total titrable acidity (Kliewer
and Lider, 1968; Kliewer, 1977; Crippen and Mornsd 986 ; Dokoozlian and Kliewer,
1996; Spayd et al., 2002). Theses results, sometzoatradictory, highlight the fact that
management of incoming solar radiation via vineyanthitecture has to be adapted to local

conditions (i.e. local climate and soil charactessy. Models have been developed to



integrate the quantity of solar irradiation intgrtesl by leaf area according to vineyard
architecture, in order to estimate grapevine trmas8pn and vineyard soil water balance
(Riou et al., 1989; Riou et al., 1994; Lebon et2003; Oyarzun et al., 2007).

Solar radiation data is seldom available in weatte&ords, for its precise measurement
requires steadily maintained fragile devices, sashpyranometers. However,with recent
advances in remote sensing and image analysis, nbw possible to retrieve daily solar
radiation from satellite data (Solanki et al., 2D0Bhe HelioClim-1 database, elaborated from
Meteosat images analysis provides solar radiataia tbr Europe and Africa (Lefevre et al.,
2007). This database was used to establish thepBano Solar Radiation Atlas (ESRA,
Rigollier et al., 2000), and was coupled to a 2resolution Digital Elevation Model (DEM)
to include the effects of relief on solar radiatiorterception for photovoltaic potential
cartography of Africa (Huld et al., 2005).

Orography has a major effect on incoming solaratiai, especially when close to equinox,
between 30° and 60° latitudes (Oke, 1978). Advancescomputer technology and
development of GIS software allow to easily detemnspatial variations of solar irradiation
provided by terrain slope and aspect (Durand angrdss 1981; Flint and Childs, 1987;
Hofierka and Suri, 2002; Kang et al., 2002; Wang|gt2002).

We propose here to combine satellite sensed datasa@lar irradiation models based upon
orography to estimate spatial and temporal vaitgbof solar radiation interception of
Bordeaux winegrowing area, France. The resultsigeovby the cartography methods are

used as a tool for viticulture zoning.

2 MATERIAL AND METHODS
2.1 Study area
The winegrowing area of Bordeaux is located in Baeest of France, in the province
(“départementy of Gironde. It is composed of 57 appellationscohtrolled origin (AOC)
covering about 230 000 ha, although only 120 O0@tea actually planted with grapevine.
Bordeaux vineyards are located at 20 to 150 kilensefrom the Atlantic Ocean, between
45.5°N and 44.3°N (figure 1A and 1B). The Bordeaineyards can be divided in 5 sub-
regions, as shown on figure 1B and in table 1.
The climate is temperate, with moderately dry sumsn{g00 mm from July to September)
and wet autumn and winter periods. The averageamainfall is 930 mm (1976-2005 mean)
and ranges from 700 to 1300 mm according to the. yd@ mean annual temperature is

13.8°C, and ranges from 22.3°C in August to 7.8ACDecember. The large area of the



Bordeaux vineyards provides a considerable diwersitclimatic conditions, due to several
topographic elements: the Medoc region, (in thetmaf region I, figure 1B), is caught
between the Atlantic Ocean and the Gironde Estuar$outh-East, the eastern Entre-Deux-
Mers area is marked by frequent storms during sumiest of the western side of the
Bordeaux winegrowing area is flat, whereas theesagpart is hilly. Some of the vineyards
are located within the suburbs of Bordeaux city bedefit from higher temperature, due to
urban heat island effects (Oke, 1978).

Grapevine cultivars are mostly Merlot, Cabernetyv@mon, Cabernet franc for red varieties,

and Sauvignon blanc and Semillion for white vae&ti

2.2 Solar radiation cartography

2.2.1 Solar radiation on horizontal surfaces

Daily solar irradiation data was taken from theibl@lim-1 database, available at the SoDa
Web Service ffttp://www.soda-is.org Gschwind et al., 2006). This database has been
obtained by the application of the Heliosat-2 mdtlmreduced data sets ISCCP-B2 Meteosat

satellite images (Lefevre et al., 2007). The Healied method is based upon the construction
of cloudandclear-sky indexedor each pixel of a satellite image (Rigollieraét, 2004). The
precision of the method depends mostly on the clomeer: relative uncertainties are lower
during clear-sky days (Rigollier et al., 2004). THelioClim-1 database provides root mean
squared differences of about 20% of daily pyranemsetvalues for Europe and Africa
(Lefévre et al., 2007). Heliosat-2 method doesawsbunt for slope and aspect of the terrain.
Daily solar irradiation data was collected for gheriod 1986-2005. Daily solar irradiation
data was downloaded at 418 points, each sampked @pproximate distance of 20 kilometres
inside and at neighbouring sites of Gironde.
From daily irradiation data, cloud cover temporatterns were analyzed using a clearness
index r), calculated as follows:

K; = S [1]

GdO

where Gq, is the daily irradiation on horizontal surface i m?), Gqo is the daily extra-
atmospheric irradiation (in MJ A). Gqo was calculated with astronomical formulae.
Mean daily irradiations on several periods and meaonthly Ky values were then
interpolated on a 500 m resolution grid, using dinéinary kriging technique. A review on
geostatistical techniques can be found in Goov#2839). Kriging was done using the Gstat
package of the R statistical software (Pebesma4;2BODevelopment Core Team, 2007).



Linear co-variance models were fitted automaticatlyexperimental semi-variograms, by

least squared method.

2.2.2 Terrain integration for incoming solar radian cartography

Effects of terrain on solar irradiation were taketo account by mean of direct geometrical
relations. The solar radiation modedun (Hofierka and Suri, 2002), implemented in GRASS
Geographical Information System (GIS) was used. TN model estimates beam, diffuse
and reflected components of solar incoming radiatim horizontal and inclined surfaces.
Daily solar irradiation is calculated at a 15’ timeep and cumulated for each day. Mask
effects of surrounding orography are taken inteaant.

Terrain effects on solar radiation interception @vasiderable during clear-sky days, as most
of the incoming radiation is direct, and relatiopsbetween irradiation and orography is
geometric. During cloudy days, most of the incomiadiation is diffuse. In such situations,
except the mask effects produced by surroundingfréérrain effects are minor. For oceanic
climate conditions, such as Bordeaux area, clowyg drequency is not negligible. For this
reason, we used thesun model, which integrates diffuse radiation (staddawercast
method).

Input data forr.sunare: elevation, slope and aspect (retrieved frds0 en resolution Digital
Elevation Model (DEM)); ground albedo (set to 0.Bprizontal surface irradiation from
HelioClim-1 database; Linke turbidity coefficienmhose monthly values were provided by
the SoDa Web service; diffuskyf) and beamlk,) proportions i¢e. values from 0 to 1) of
daily irradiation on horizontal surfaces, estimatgth an empirical relationship established at

Bordeaux (Pieri and Valancogne, personal communpitiat

2 3
kdh = min| 1.09- 2.689{%j + 1.284{%j 01 [2]
do do
L[ G
and kdh =1if (i] <0.2 [3]
do
and kbh =1- kdh [4]

whereGgnandGyo have the same signification and units as in eqodfi].
The r.sun model provided daily beam, diffuse and reflectediars radiation on inclined

surfaces, at the DEM resolutione( 50 m by 50 m). These three variables were then sadnm



to obtain daily irradiation data. The inter-annddferences between horizontal and inclined
surfaces were evaluated on a 5 year period, frddi 29 2005.

3 RESULTS
3.1 Solar radiation climatology in Bordeaux area
Annual mean of daily solar irradiation, annual $uns duration and annual clear-sky
frequency data of Gironde province and Bordeauxegiowing area are shown in table 2.
Mean daily irradiation ranges from 11.67 to 13.34 h* (-5% to 9% of the mean value) for
the Gironde province and from 11.67 to 12.83 M3imBordeaux winegrowing area (-3% to
7% of the mean value). The average clearness iisd@x4 for Gironde province and 0.433
for Bordeaux wine growing area. Solar irradiati@aghes its maximum in June and July
(figure 2). It remains low from October to Februémyean daily irradiation below 10 MJh
The spatial variation of solar irradiation is larder the Gironde province than for Bordeaux
winegrowing area (figure 2).
The winegrowing season, spanning a period fromlAprSeptember, benefits from clearness
indices from 0.46 to 0.58 (figures 3A and 3B) irdbide province. During the autumn period,
the proportion of extra-atmospheric global radmtibat reaches the ground is lower that
during other seasons (figure 3C). This could belarpd both by the cloud climatology
(weather is globally cloudier from October to Febwu in Gironde province) and the
increasing length of solar radiation path throughttve atmosphere, due to sun inclination.
The spatial patterns of clearness index remainlairtiiroughout the year: the Atlantic Ocean
coast receives the highest amount of solar radiafibe clearness index decreases from west
to east, during spring, summer and winter. Durinty@n, it decreases from west to east until
the center of Gironde province, and then increasgsn towards east (figure 3C). This
particular spatial pattern might be related todheater diversity of synoptic situations during
this period (Jones and Davis, 2000). The largestiapvariability is observed during winter.
The western part of Bordeaux winegrowing area ivesethe highest amount of solar
radiation. In Medoc, located in the north-west ofo@de (region |, see figure 1), clearness
index is 4 to 8% higher than in the easternmostyands, from April to September (figures
3A and 3B).

3.2 Bordeaux vineyards zoning
In Bordeaux winegrowing area, veraison of red armitevgrape varieties generally occur at

the end of July or at the beginning of August. Tiaevest period ranges from mid-September



to beginning of October. As climate conditions aracial from veraison to harvest, mean
daily values of solar irradiation from August to pBamber on horizontal surface were
calculated. This index is referred hereafteGag:n(wheremat stands for maturation period,
i.e. august to September, amthdicates thaGn; is calculated on a horizontal surface). It was
used to perform a zoning of Bordeaux winegrowirgpaas follows: (a) MeaBmain0n a 20
year period was calculated for each pixel locate8ordeaux winegrowing area ; (b) all the
pixel values were classified in 3 classes with l&ginterval. Classes obtained correspond to
low, middle and higlsatn vValues (table 3, figure 4B). The first class (“lpworresponds to

a mean daily irradiation (for August and Septemlvarjging from 15.36 to 15.84 MJ
with a mean value of 15.68 MJFor the second class (“mediumGmarn ranges from
15.85 to 16.33 MJ iy with a mean value of 16.03 MJanFor the third class (“high”Gmatn
ranges from 16.33 to 16.81 MJ“mwith a mean value of 16.48 MJinWhereas the total
amplitude ofGnarn Observed within the Bordeaux winegrowing equalB@.of the mean
horizontal value, the difference between the meanes are small (-2.2% between low and
medium, and 2.8% between medium and high). Clagewl Gna:h Value) represent 66% of
the total area of Bordeaux vineyards, class 2 (omefiB2% and class 3 (high) 2%.

The western and the southern parts of Bordeauxgnomang area (region | and Il, and the
west of region V) are located in the medi@pa:» value zone, and eastern part of Bordeaux
winegrowing area (region Ill and 1V) is locatedtime low Gnatn Value zone, as well as the
eastern part of region V (figure 4A). A small aréd@ northwesternmost part of Bordeaux

vineyards (region |) is located in hi@anvalue zone.

3.3 Terrain integration on solar radiation zoning

Solar daily irradiation data with terrain effeatéagration was calculated for the period 2001-
2005, using the.sun algorithm, at the DEM cell resolution, i.e. a 50y 50 m pixel. This
high resolution cartography has a high computatioast: it is both time and hard-disk-space
consuming, and the calculation on a 20 years pewnodld have taken several weeks of
computer calculations. To reduce computational, @gt: (i.e. mean daily irradiation from
August to September, with terrain effects integiatifor the 20 year period was obtained
using an empirical correction factor calculatedtfer period 2001-200%3,,; for the 20 years
period was assessed by multiplyi@ga:» (1986-2005) by the 5 years average (2001-2005) of
the ratioGmat HGmat Calculated for each 50 m pixel. We assumed tloatedch 50 m pixel,
having its own terrain characteristics (i.e. slopgination and aspect), the ratio betwe&&n,;

(computed using daily irradiation data with terrategration, at high resolution) am@ha:n



(horizontal irradiation data, at 500 m resolutieaeinained constant. This was verified with
the 2001-2005 high resolution data set: The redatifference for each pixel (i.eGfat —
Gmat)! Gmat IS almost the same from 2001 to 2005 (figureldther words, the effect of
terrain on solar radiation interception during Asgand September is quasi-identical from
one year to another.

A new zoning was achieved, using the high resaluts,,: on the period 1986-2005 to
classify Bordeaux winegrowing area in the 3 clas§ésw”, “medium” and “high”)
previously obtained witlfGhan The repartition of Bordeaux’s appellations ofgori before
and after the integration of terrain effects oraswoadiation interception is shown in table 4.
In the region [, the zoning changes for three dppehs of origin areas: 16 to 36% of Listrac,
Médoc and Moulis appellations total areas are t@than high Gna: class after terrain
integration, whereas they were located in mediuassclin flat terrain zoning. The &
values of these areas are close to the threshbldssaf medium-high classes, which explains
that a small variation in incoming solar radiatimaluced by terrain modified strongly the
zoning. For regions I, Ill, IV and V, the class#ition was considerably modified. For
example, 93% of Entre-Deux-Mers appellation of iorigras classified in lowGmath ZONe.
With terrain integration, 63% of the area remamsow Gna: ZONe, one third is classified in
mediumGn,: zone, and 4% of the area is classified in Iigh: zone. The well-known area of
Saint-Emilion, as well, receives little solar rada during August and September, compared
to the whole Bordeaux winegrowing area. 100% ofttital surface area of this appellation
was located in lowGna:h area, when considering incoming radiation on loorial surface.
With terrain effects integration, 8% of the app@tla changes of class: 6% of the appellation
is classified as a mediufn,: area, and 2% as highn, area. Figure 6B shows that the south-
exposed slopes close to Saint-Emilion village nexéiom 1 to 10% more solar radiation than
the mean value of the area.

Another example is the appellation of origin CadesBourg, where 48% of the area is
classified in a lowGnarn area and 52% of the total area is classified meaiumGmai,» area.
After terrain integration, 12% of the total areasitiated in 10WGn,: class.Gmat Within the
appellation of origin Cotes de Bourg varies from%ilto +13% of the mean appellation value
(figure 6A).

4 DISCUSSION AND CONCLUSIONS
Satellite sensed solar radiation, from the Helioli database, combined with terrain

information was used to calculate solar irradiafionthe large wine growing area, at a high



resolution (50m). The studied period (1985-2005sudficiently long to provide a robust
analysis of solar radiation climatology of Bordeatireyards. Such study would not have
been possible using ground measurement deviceh, asigyranometers. Firstly, because
pyranometer devices are quite recent and the témimdas been improved, so data would
have required several recalibration. Secondly, ardynall number of weather stations located
close to or within Bordeaux vineyards provide soéatiation records, for such a long period
(less than 5 stations). However, our high resotusipatialized solar irradiation daily values
(50 m) underestimate solar radiation. They have lseenpared to pyranometer records of the
weather station of Villenave d’Ornon (located bedgweaegions | and Il), for the period 2001-
2005. They showed a mean difference (bias) of Mil15n?, indicating a underestimation of
11.1% of the annual mean (table 5). The root mgaared difference was 2.7 MJ(19.8%

of the mean annuel pyranometer value). Gy, the bias and root mean squared differences
are -9.8% and 16.6% of the annual mean, respegtiidlese errors stay in the range of
uncertainties provided by the use of pyranometeasmements (Llasat and Snyder, 1998;
Droogers and Allen, 2002). Although the relativeitsgd differences presented in this study
have not been affected by this underestimationabis®lute values may be slightly higher.

It has been shown that the western part of Borde@eyards receive more solar radiation
than the eastern part, throughout the year. Asifleming of grapevine varieties of Bordeaux
area occurs during the August and September, angdrased on the mean daily irradiation
during this period (referred &Sma) Was proposed. The Bordeaux winegrowing area was
partitioned into three classes: low, medium and By n values. The southern and the
eastern parts of Bordeaux winegrowing region recéine highest amount of solar radiation
during berry ripening period. When increasing tasotution of the zoning, using tlmesun
model, it has been shown that terrain effects dar sadiation are not negligible, although the
Bordeaux winegrowing area could not be considesed mountainous region. Well exposed
(south) slopes of the eastern part of Bordeauxyairts receive as much solar radiation as flat
surfaces in the western part. Faiiaal (2004) have found that slopes that receive adnigh
amount of solar radiation were associated withiezaphenology, higher sugar content, lower
titrable acidity and lower phenolic content in ey in red cv. Nebbiolo vineyards.

The attempt of the present work was to evaluatars@ldiation climatology of Bordeaux
winegrowing area, and to propose a new zoning aapréor ripening potential of vineyards.
The assumptions made prior to such zoning are phetdtirstly, solar irradiation affects berry
ripening (Dokoozlian and Kliewer, 1996; Bergqvistag, 2001). Secondly, solar irradiation
has a major effect on surface and air temperawingsh affect grapevine phenology, malate



degradation within berries, polyphenolic, sugar amamatic contents of berries (Buttrose et
al., 1971; Reynolds and Wardle, 1989; Bergqvisilet2001; Spayd et al., 2002). Thirdly, as
spatial variation of cumulated incoming solar rédia during berry maturation period
depends mainly on vineyard slopes and aspects,associated with different water runoff
patterns, due to slope intensity. It can be expetiat steep slopes will be associated with
higher runoff. Finally, solar radiation plays a wrajole in vineyard transpiration and it is a
key parameter of water balance models (Trambouge\anitz, 2001; Lebon et al., 2003).
Hence, south-exposed vineyards would certainly uigest to higher evaporative demands.
IncreasingGmatindex may thus be associated to higher water dgfici

Row orientations and spacing, as well as canopgtstre dramatically affect incoming solar
radiation distribution between grapevine rows amdebor grass-covered surface (Smart,
1973; Pieri and Gaudillere, 2003, 2005). Oyarzuralet(2007) recently proposed a solar
radiation interception model for horizontal andlimed surface in orchards and vineyards.
Coupling this kind of model to satellite sensedasoadiation, water runoff and water balance
models would certainly improve general knowledgeoubinclined surface effects on

grapevine development and berry maturation.
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Table 1: Classification by region of appellatiofi®nogin of Bordeaux winegrowing area (see
figure 2)

Region Appellations of origin (AOC)

Bordeaux ; Bordeaux Supérieur ; Haut-Médoc ; Listrilargaux ; Médoc ; Moulis ;

I Pauillac ; Saint-Estéphe ; Saint-Julien

Barsac ; Bordeaux ; Bordeaux Supérieur ; Ceromayés ; Graves Supérieures ; Pessac-
Léognan ; Sauternes

Bordeaux ; Bordeaux Supérieur ; Cotes de Borde&@aint-Macaire ; Entre-Deux-Mers ;
Il Haut-Bénauge ; Graves-de-Vayres ; Loupiac ; Prersi@otes de Bordeaux ; Cadillac ;
Sainte-Croix-du-Mont ; Sainte-Foy Bordeaux

Bordeaux ; Bordeaux Supérieur ; Cotes de FranédesQle Castillon ; Lalande de
v Pomerol ; Lussac Saint-Emilion ; Montagne Saintdiemi; Pomerol ; Puisseguin Saint-
Emilion ; Saint-Emilion ; Saint-Georges Saint-Eaili

Blaye ; Blayais ; Bordeaux ; Bordeaux Supérieuan@h Fronsac ; Cotes de Bourg ;
Fronsac ; Premieres Cétes de Blaye ; Cbtes de Blaye

Table 2: Spatial variations statistics of solaiatidn climatological data, on the period 1986-
2005, for Gironde province and Bordeaux vineya@$.= coefficient of variation (mean
divided by the standard deviatias),

Gironde Province Bordeaux vineyards

. D‘f’“ly Clearness . D‘f’“ly Clearness

irradiation . irradiation .

(Wh m-2) index (Ky) (Wh m-2) index (Ky)
Min. 11.7 0.42 11.7 0.425
1st quartile 12.0 0.43 11.8 0.428
Median 12.2 0.44 11.9 0.431
Mean 12.3 0.44 12.0 0.433
3rd quartile 125 0.45 12.0 0.435
Max. 13.3 0.48 12.8 0.463
(o] 0.38 0.01 0.20 0.007
CV 3.1% 2.9% 1.7% 1.6%

Table 3: Statistics of mean solar irradiation (M3)ritom August to September, for three
classes obtained by regular interval clusteringgondeaux winegrowing area. CV =
coefficient of variation (the mean divided by tiarslard deviatiorns).

Horizontal surface classes Inclined surface classe
Low Medium High Low Medium High
Mean 15.68 16.03 16.48 15.59 16.05 16.50
c 0.10 0.15 0.14 0.22 0.14 0.18
CcVv 0.6% 0.9% 0.8% 1.4% 0.9% 1.1%
Min. 15.36 15.85 16.33 12.38 15.85 16.33
Max. 15.84 16.33 16.81 15.85 16.33 17.80
Area (ha.) 156106 77065 3889 127819 92962 16279
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Table 4: Distribution of appellation of origin asgavithin the three solar radiation zones (i.e.
classes), before and after integration of terrain.

Horizontal surface Gy Gmat ZONes with terrain T
i ; otal
_ N zone$ effects integratiorf area
Region Appellzgcg 8f)or|g|n Low Medium High Low Medium High (ha)
Bordeaux ; Bordeaux supérieur - 99% 1% - 99% 1% 1472
Haut-Médoc - 97% 3% - 81% 19% 9077
Listrac - 73% 27% - 48% 52% 1393
Margaux - 100% - - 94% 6% 1856
I Médoc - 70% 30% - 54% 46% 10419
Moulis - 94% 6% - 60% 40% 1034
Pauillac - 100% - 2% 96% 2% 1600
Saint-Estéphe - 100% - - 92% 8% 1552
Saint-Julien - 100% - - 94% 6% 997
Barsac - 100% - 4% 96% - 860
Bordeaux ; Bordeaux supérieur - 100% - 15% 83% 2% 3131
, cerons Graves ; - 100% - 10%  89% 1% 2446
Graves supérieures
Graves ; Graves supérieures - 100% - 20% 78% 2% 8994
Pessac-Léognan - 100% - 13% 85% 2% 4514
Sauternes - 100% - 22% 75% 3% 2154
Bordeaux ; Bordeaux supérieur 69% 31% - 69% 30% 1% 4471
Cotes de Bordeaux ; 25%  75% . 39%  47%  14% 4498
Saint-Macaire
Entre-Deux-Mers 93% 7% - 63% 33% 4% 59325
Entre-Deux-Mers ; 99% 1% - 48%  47% 5% 6809
Bordeaux ; Haut-Benauge
Il Graves de Vayres 100% - - 89% 11% - 1370
Loupiac - 100% - 45% 40% 15% 828
Premiéres Cotes de Bordeaux  88% 12% - 60% 33% 7% 4207
premieres Cotes de Bordeaux 206 sg% - 40%  40%  20% 8356
Sainte-Croix-Du-Mont - 100% - 33% 31% 36% 760
Sainte-Foy Bordeaux 100% - - 79% 20% 1% 16425
Bordeaux ; Bordeaux supérieur 100% - - 97% 3% - 7379
Bordeaux ; Cétes de Francs 100% - - 86% 14% - 1030
Céotes de Castillon 100% - - 80% 17% 3% 5608
Lalande de Pomerol 100% - - 96% 4% - 1378
|y _Lussac Saint-Emilion 100% - - 90% 9% 1% 1834
Montagne Saint-Emilion 100% - - 83% 16% 1% 2097
Pomerol 100% - - 100% - - 978
Puisseguin Saint-Emilion 100% - - 84% 14% 2% 1041
Saint-Emilion 100% - - 92% 6% 2% 7153
Saint-Georges Saint-Emilion 100% - - 61% 38% 1% 274
Blaye ; Blayais 66% 34% - 59% 41% - 2426
Bordeaux ; Bordeaux supérieur 98% 2% - 83% 16% 1% 21498
Canon Fronsac 100% - - 50% 35% 15% 396
V. Coétes de Bourg 48%  52% - 48%  40%  12% 7005
Fronsac 100% - - 51% 37% 12% 1311

Premiéres Cétes de Blaye ;

0 0 - 0 0 0
Cotes de Blaye 53% 47% 51% 46% 3% 17111

2: the figures are given in percent of the totahaseeach appellation of origin
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Table 5: Comparison of pyranometer and high-regmiwgpatialized irradiation mean daily
data at the weather station of Villenave d’Ornof.T89°N ; 0.577°EJ54p, = pyranometers

mean daily values ; Bias = mean error (spatializegranometer), RMSD = Root Mean
Squared Difference ; Min. = the minimum daily drface, Max = the maximum daily

difference ; N = the number of observations. THeesbetween parentheses indicate the
statistical indicator in fraction of the pyranonretalues Gqp). Except for N, the values are

given in MJ .

Period Gan Bias RMSD Min. Max. N
January 4.6 -0.5 (-9.9%) 1.0 (22.5%) -3.3 1.8 155
February 7.7 -1.4  (-18%) 2.0 (25.8%) -5.2 3.0 141

March 124 -1.8 (-14.2%) 2.4 (19.7%) -7.4 1.3 155
April 16.4 -1.9 (-11.6%) 3.0 (18.3%) -8.7 8.6 150
May 20.5 -2.7 (-13%) 4.0 (19.5%) -10.8 9.3 155
June 23.3 -1.8 (-7.7%) 3.1 (13.1%) -11.0 5.2 150
July 22.2 -2.2 (-9.9%) 3.7 (16.6%) -10.8 5.3 155

August 19.6 -1.7 (-8.8%) 3.1 (16%) -10.4 4.5 155

September 15.3 -1.7 (-11.2%) 2.7 (17.3%) -10.4 6.1 150
October 9.3 -1.9 (-20.9%) 2.5 (27.4%) -9.4 2.1 155
November 5.6 -0.3 (-5.8%) 1.3 (22.5%) -3.4 3.5 150
December 4.1 -0.1 (-1.8%) 1.0 (25%) -3.7 2.6 155
Year 134 -1.5 (-11.1%) 2.7 (19.8%) -11.0 9.3 1826
Aug. — Sept. 17.5 -1.7 (-9.8%) 2.9 (16.6%) -10.4 6.1 305
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A

Figure 1: Maps of the study area. A: France, with Gironde province and the city of

Bordeaux. B: The Bordeaux winegrowing area, loca&tedironde province. Figures in roman
numbers indicate the number of the 5 sub-regiorBoofleaux winegrowing area (see table 1

for the list of the appellation of origin locatedeach region).

17



Mean daily irradiation (MJ m™3)

Mean daily irradiation (MJ m %)

25
4 ot
20 LT L
15 4 E %
10 - = i
- =
57$ o
-
0_
I [ I I I I I I I I I [
C_QLL>\CS o) QO o=
SES2235328624
A Month

25
20 4 . —
= -+
15 1 = +
10 - +
=<+

i
5 e -
0_

I I I I I [ I [ I I I I

CQL‘—%CEO)O_*‘}U

SEE223528624
B Month

Figure 2: Box-plots of monthly means of daily inatbns, during the period 1986-2005, for
Gironde province (A) and Bordeaux winegrowing g2 Data used to elaborate each box
are the mean daily irradiation values of each 5Qfixal. Points outside the boxes represent
the minimum and the maximum values observed wigaich area.
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Figure 3: Seasonal maps of clearness index of @&@novince (period 1986-2005). The
dashed areas represent the 5 sub-regions of Boreeaagrowing area (see figure 2B). A:
“spring”, from April to June ; B: “Summer”, from Buto September ; C: “Autumn”, from
October to December ; D: “Winter”, from JanuaryMarch.
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Figure 4: Zoning of Bordeaux winegrowing area basethe mean daily solar irradiation
value from August to Septembé&s (., for the period 1986-2005. A: map Gf.a:rclasses
(horizontal surface zoning); B: box-plot Gf,a:n vValues of the three classes ; C: magi:
classes (inclined surface zoning) ; D: box-ploGgi; values of the three classes. Points on
box-plots figures correspond to the extremes vabfiesch class.
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Figure 5: Scatter plot comparing, for differentrgedhe values of the relative differences
betweenGna: on horizontal and inclined solar radiation dafegach pixel located in the
Bordeaux winegrowing area (N = 948239).
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Figure 6: Mean daily solar irradiation data fromghst to September, for the period 1986-
2005, of two appellations of origin (A.O.C.) aredBordeaux. The data is expressed in

percent of the mean value of each whole area. &.@. Cotes-de-Bourg, B: A.O.C. Saint-
Emilion (the circle indicates the localization dadit-Emilion village.
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