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Abstract

The recent development of large environmental datad allow the analysis of the
ecological behaviour of species or communities daege territories. Solar radiation is a
fundamental component of ecological processesjsbpborly used at this scale due to the
lack of available data. Here we present a GIS @mogallowing to calculate solar radiation as
well locally as at large scale, taking into accohath topographical (slope, aspect, altitude,
shadowing) and global (cloudiness and latitudepmpaters. This model was applied to the
whole of France (540 000 km?) for each month of ykar, using only a 50-metre digital
elevation model (DEM), latitude values and cloudmeéata. Solar radiation measured from
88 meteorological stations used for validation ¢atitd a R? of 0.78 between measured and
predicted annual radiation with better predictidos winter than for summer. Radiation
values increase with altitude, and with slope fmrteern exposure, excepted in summer. They
decrease with latitude, nebulosity, and slope twthy east, and west exposures. The effect of
cloudiness is important, and reduces radiationrbyrad 20% in winter and 10% in summer.
Models of plant distribution were calculated fébies alba Acer pseudoplatanusand
Quercus pubescentor France. The use of solar radiation improveatieiling for the three
species models directly or through the water balavariable. We conclude that models
which incorporates both topographical and globaladmslity of solar radiation can improve
efficiency of large-scale models of plant distribat

Keywords: solar radiation/water balance/geographical inforomat system
(GIS)/digital elevation model (DEM)/ plant distrilboih models/vegetation modelling.






1.1 Introduction

Solar radiation plays a paramount role in the ihgtron, composition, and
productivity of ecosystems through photosynthesid #e water cycle. Solar radiation
contributes to several parameters of the water nbala(air and soil heating,
evapotranspiration, winds, snow and ice melt), ampresents a direct resource gradient
(Austin, 2002b), which is related to vegetation sses. It is thus not surprising that many
studies try to link solar radiation to the disttilom of plant species (Davis and Goetz, 1990;
Guisan and Zimmermann, 2000; Meentemesteal, 2001; Lehmanret al, 2002; Branget
al., 2005; Lebourgeois, 2007). However, studies usofar radiation generally concern
limited areas (from a few hectares to hundredsqjobee kilometres), due to the difficulty of
accurately computing local and larger-scale raoimati

Solar radiation is measured directly at ground orefegical stations. Data can be
interpolated to larger areas (Thornteinal, 2000; Huldet al, 2003), but the limited number
of meteorological stations recording this parametard the strong variability due to
topography, have hampered the drawing of accudetion maps (Fu and Rich, 2002;
Hofierka and Suri, 2002). Satellite data, suchhas of Meteosat, AVHRR or GOES, allow a
spatial approach to vast territories, but the v&lde not take into account topographic
variability (Hofierka and Suri, 2002).

Since the early 1990s, geographical informationesys (GIS) technology has enabled
researchers to develop several models of solarattadi The “ATM” (Dubayah and
Vankatwijk, 1992) and “Solarflux” (Hetrickt al, 1993) models were the first developed, and
were followed by others such as “Shortwave” andrébi” (Kumar et al, 1997), “Solar
Analyst” (Fu and Rich, 2002), “Toporad” (Kargg al, 2002), “SRAD” (Wilson and Gallant,
2000), “FORGAP” (Van Dam, 2001), and “r.sun” (Hoka and Suri, 2002). These models
adopt different methods of calculating radiatiort, their use makes possible a great quantity
of calculations, they are cost-efficient, well sditto topographically complex areas, and
accurate (Duguay, 1993; Ri@t al, 1995). The data can be calculated with high e,
according to the digital elevation model (DEM).

With the development of large databases (Bretsal, 1995; Gégouet al, 2005) and
methods of sampling (Elitlet al, 2006), vegetation studies require accurate envieoral
data over larger and larger areas in order to mespleties distribution on the scale of their
distribution area (Guisan and Thuiller, 2005b).bAbvad scale, radiation calculation need to
combine small-scale variability caused by topograpfairiations and large-scale modulators
like latitude or cloudiness (Dubayah and Loechef7)9Some of the existing programs are
not suited to large scale calculations because ¢ingy provide clear sky radiations, or they
considered latitude as constant value (Kuetaal, 1997; Fu and Rich, 2002). Other models
used more elaborated methods of calculation, ey tequire many parameters difficult to



spatially estimate and not always available ongtuely site like sunshine fraction, albedo,
min and max air temperature, or atmospheric tratgnge (Wilson and Gallant, 2000; Kang
et al, 2002). This problem of input availability is aotgated when studies overlay different
countries, generally having heterogeneous groundteonaogical datasets. If the

improvement in computing capacity now allow natioma continental solar radiation

calculations at fine resolution, this limitation§ arrent models explain they are actually
poorly used in large-scale plant distribution mddgl If many studies established
importance of solar radiation at local scale (Kuraad Skidmore, 2000; Horsch, 2003), its
ability to improve plant distribution model at largcale is actually weakly known.

The aim of this study was to :

» present a new GIS based program, called Heliogwalh to easily calculate
accurate solar radiation values, useful to pregient distribution as well
locally as for broad scales. This program must iregiew input parameters,
largely available over the world;

» validate the solar radiation computation over gdaarea;

» evaluate the ability of calculated solar radiattonimprove large scale plant
distribution models.

The Helios program has been developped linked Aitinfo, one of the most popular
GIS software packages. The calculation combinesl ldopographical (slope, aspect,
shadowing) and global (cloudiness and latitude)aaters, allowing to estimate solar
radiation whatever the scale. It requires onlyubke of a digital elevation model and values of
cloudiness. This datas are freely available onatéle for most of the countries. The values of
cloudiness, which are classical measures, can lasonterpolated from meteorological
stations.

The radiation model was implemented for Francehat finest available resolution
covering the whole country (50*50 m. spaced grifip assess their quality, modelled
radiation data were compared to measured dat& meteorological stations scattered over
the country. We then evaluated the sensitivityhaf tnodel on different geographical scales
according to slope, aspect, altitude, latitude @udiness. Finally, we modelled the
distribution of three plant specieal{ies albaQuercus pubescenandAcer pseudoplatanis
in order to evaluate the ability of Helios to impegplant distribution models.



1.2 Method

1.2.1Model description

Shortwave radiation covers the 0.2845n range of the spectrum, they can be
separated into three components (Gates, 1980; @ubayd Rich, 1995) : direct radiation
from the sun, which is generally the greatest;udéf sky radiation, which is diffused by the
atmosphere and depends on its composition, arairteeflected radiation, which is the part
of the direct or diffuse radiation scattered by gineund. This component is a function of the
ground cover, and can be large for snow-covereaksdrecause of high albedo. The amount of
global radiation is obtained by summation of theecl, diffuse and terrain-reflected
components at the earth’s surface. They are detedrby three groups of factors: geometric
relations between the sun and the earth’s surf@oegspheric attenuation and topographic
factors (Gates, 1980; Ridt al, 1995; Van Dam, 2001; Hofierka and Suri, 2002)o@etric
relations between the sun and the earth’s surfexelaaracterised by the earth’s geometry,
revolution, and rotation, that can be calculatethvaistronomic formulas. This explains the
global scale latitudinal gradient observed with etagjon. Atmospheric attenuation is due to
gases, and solid and liquid particles. Extraterigdstolar radiation is attenuated according to
the thickness of the atmosphere, and calculatedrdiog to altitude. It can be determined
with a good level of precision. Topographic factorduce strong variations on a local scale,
due to surface orientation and surface inclinatiwhich modify the angle of incidence of
insolation (Gates, 1980). On the other hand, skstrabtion by surrounding topography,
which can be simulated with a DEM, can limit direatiation in mountainous terrain by
shadowing. These factors can be modelled with aggluracy, depending on the resolution of
the DEM. Attenuation by clouds is considered sepfralt can provide from different
sources of data (Dubayah and Loechel, 1997). Wel @sepirical equations based on
extrapolation of average monthly cloudiness measute ground meteorological stations
(Kasten and Czeplak, 1980).

1.2.1.1. Earth-sun geometry

Sun position in the sky is a function of the tinmeddatitude (Gates, 1980). At the
beginning of the process, a grid with latitude ealdor each pixel is generated, which enables
the use of latitude as a variable during all of ¢h&ulations. Sun position is defined by its
solar altitude and solar azimuth angles.



Solar altitude anglea( defines the elevation of the sun above the harimr a
location:

sina =sin¢ * sind + cosd * cosn * cosod Q)

where ¢ is latitude calculated for the studied celljs hour angle, (i.e. the angular
distance between the sun and the local meridia), Bns solar declination, the angle between
the solar beam and the equatorial plane, varyipgmging on day number J (Cooper, 1969)
(all formulas parameters and their abbreviatioesrasumed in Table 3.1):

8= 23.45 * sin(360 (284 + J) /365) )

Solar azimuth [§) is the angle between the sun and true north. Okeke, 1987)
formula was used:

cosf3 = (sind * cos¢ - cosd * sind *cosn)/ cosa 3)

1.2.1.2. Light characteristics and extinction

We calculated the solar flux outside the atmosplieit, W/m2) with the model of
Kreith and Kreider (1978). Solar flux is a functiohsolar constant Sc (we used the
World Radiation Center value of 1367 W/m?2), anddbhg of year (J) :

Rout = Sc * (1 + 0.034 * cos (360 J/365)) (4)



Parameters Abbreviatior] Value References
Earth-sun geometry

Solar altitude angle a Gates, 1980

Latitude ¢

Hour angle n

Solar declination be) Cooper, 1969

Day number J

Solar azimuth B Oke, 1987

Light characteristics and extinction

Solar flux outside the atmosph Routi Kreith and Kreider, 197
Solar constal Sc 1367 W/m

Coefficient of transmissivit ™ 1=0.€ Gates, 198

Length of the pat M Kreith and Kreider, 197
Atmospheric pressu p/pC List, 198«

Altitude h

Relative path length of the optical air mass ateeal | Mo Kreith and Kreider, 197
Topographical effects

Angle of incidenc cos Campbell, 198

Slope (°) X

Aspect (°) Bs

Glabal radiation calculation

Direct radiation Rdir Gates, 1980

Binary value of shadowir Sh

Diffuse radiatiot Rdiff Liu and Jordan, 19¢
Terrain-reflected irradiance Rreff Gates, 1980
Reflectance of the ground surfi r 0.z

Global radiatio Rtot Gates,198C

Overcast calculation

Cloud attenuation fact Kc Kasten and Czeplak, 1€
Overcast radiatic Rtotc

Cloudiness (okta: N

Table 3.1: parameters and references used in Hgliogram.

The coefficient of transmissivity" represent the fraction of incident radiation at th
top of the atmosphere which reaches the ground aloregtical trajectory. We chose a value
of 0.6 fort (Gates, 1980). M represents the length of the patbrding to the solar azimuth.
In mountainous areas it is necessary to use acatmmefactor related to the atmospheric
pressure p/p0, which depends on altitude. We usefbtmulas of List (1984) and Kreith and

Kreider (1978) :

M = Mo * P/Po

(5)

P/Po (mbar/mbar) is the correction of the atmospheessure calculated as follows:

P/Po = ((288-0.0065 * h)/288}*

Where h is altitude.

Mo is the relative path

Mo =,/1229+ (614* sina)2 -614*sina

length of the optical

airasa at sea

(6)

level

(7)



1.2.1.3. Topographical effects

To calculate radiation on tilted surfaces, it isessary to define the angle of incidence
(cos i) between the incoming solar ray and theasarfof the ground. It varies with sun
position and topographical conditions (Campbell,1)98

COS | = cosu * sin x* cos (3- Bs) + sina * cosy (8)

wherey is slope (degrees), afid is aspect (degrees).

1.2.1.4. Global radiation computation

The hourly calculation of global radiation is olid by the summation of direct
(Rdir), diffuse (Rdiff) and reflected radiation @Yy from surrounding terrain (Gates, 1980):

Rdir = Sh * Routrt M cos i 9)

where Sh is a binary value of shadowing calculdtedeach hour and each integer
value of solar altitude angler( and solar azimuth3j (table 3.1). Sh is calculated using the
hillshade command in Arcinfo software, allowingpgmject a luminous ray of light from the
calculated position of the sun on the DEM. Whenaék is in the shadow of neighbouring
slopes the value is 0, otherwise it is 1.

Modelling diffuse radiation is complex becausedration is anisotropic, particularly
under cloudy conditions. We assumed that diffugkateon is isotropic (Dubayah, 1994;
Kumar et al, 1997) and chose the model of Liu and Jordan (1980 model takes into
account solar altitude angle and transmissivitthefatmosphere under clear-sky conditions:

Rdiff = Rout * (0.271 — 0.294 tM) * sina (10)

Terrain-reflected irradiance is calculated usingeGaformula (Gates, 1980):

Rref = r * Sc * (0.271 + 0.706") * sin a * sin2 (X/2) (11)

where r is the reflectance of the ground surfacefsed a value of 0.2).

The summation of the three components gives gliashhtion (Rtot) for each hour of
calculation (W/m2)



Rtot = Rdir + Rdiff + Rref (12)

Daily values of global radiation are calculated dmmmation of hourly values from
sunrise to sunset. Overcast sky (Dubayah and Lbet887; Hofierka and Suri, 2002) are
calculated using the cloud attenuation factor (#&fined by Kasten and Czeplak (1980). This
empirical equation is easy to use, requiring cloeds measured in oktas, as generally
observed in meteorological ground stations, eath mdpresenting cloud cover of 1/8 of the
sky. A sufficient number of meteorological cloudseground measurements allow to
interpolate them to obtain a spatially explicitamhation. Otherwise, gridded data sets are
available for a large part of the world on the CReébsite (Newet al, 1999). For France, we
interpolated average values resulting from 30 yedrslaily measurements of 87 ground
stations provided by Météo France, using the IDWhoe We obtained a mean cloudiness
grid for each month, at the same resolution asahtite DEM. Overcast radiation (Rtotc) was
then calculated daily using the following equation:

Rtotc = Rtot* Kc (13)

Where Kc = (1 — 0.75(N/8Y) (14)
and where N is cloudiness in oktas.

Global radiation can be calculated for durationsnfrone day to one year, by
summation of daily values over the period considefehis method is probably the most
accurate, but is very costly in terms of computeet and not well suited to calculations over
large areas with high resolution and for long pesigaionthly calculation, for example). To
limit the calculation time, it is possible to estite monthly solar radiation by extrapolating a
limited number of daily calculations. In this casiee user defines a calculation interval, and
the period is then divided into intervals of eqaatplitude. For each interval, radiation is
calculated for the median day and weighted by tinmber of days that it represents. This
method reduces computing time, the daily variatiogisg small in general.

1.2.2. Data calculation and assessment

The program Helios was run for the whole of Fra®€0 000 km?), using a digital
elevation model with 50 m x 50 m grid spacing. $otaliation was calculated monthly and
annually and mapped. To reduce computing time, hhpnalues were extrapolated from the
median day for each of the 12 months.



The model was validated by comparing the data prediuoy Helios with those
measured at meteorological stations of the Mét@émder network. We selected 88 weather
stations scattered over the country, different fitise used for the cloudiness calculations,
located with an accuracy of 100 metres, and wheokela minimum of 5 years of recording
for each decade studied. The decadal values wdlexted over the period 1971-2002, and
were aggregated to calculate monthly averagesderdo be compared with GIS calculations.
Errors generated by the interpolation to the emtioath of a calculation achieved on a single
day (the median of the month) were also evaluakbd.quality of the model estimations was
assessed by the absolute and relative mean difleseretween measured and Helios values,
and by the correlation coefficient between these \talues.

We also studied the sensitivity of the model aceaydo conditions of slope, altitude,
aspect, latitude, and cloudiness. We analysed #hniability of radiation using the average
values on the geographic area of calculation fbthéd environmental variables, except the
one studied for which we changed its values wilpecified interval, between its minimum
and maximum. For example, to study latitude eftgatational scale, we averaged values for
slope, aspect, altitude and cloudiness, calculete@rance, and made varying latitude from
41° (min value) to 51° (max value), by step of L°corresponds to 11 simulations realised
with Helios to make the solar radiation calculationeach degree of latitude. For altitude, we
limited the test below 3000 metres, which is tmaitliof vegetation. The effect of scale was
considered for three nested areas: the whole afcErégb40 000 km?), the Lorraine region in
northeastern France (24 000 km?2), and the Cornimatdghment in the Vosges mountains,
northeastern France (2.4 km?).

1.2.3. Use of calculated solar radiation in plant species
distribution modelling

A classical statistical method, stepwise logisegression (McCullagh and Nelder,
1997), was used to model plant species distribuitioorder to estimate if solar radiation
calculated with Helios could improve vegetation mlsdor large scale studies. Three forest
species known to be sensitive to light were usédies alba Acer pseudoplatanysand
Quercus pubescenabies alba(Silver Fir) is a 35-45 m coniferous tree, comnmmmountain
ranges of France and Europe, auakr pseudoplatanugSycamore) is a 20-30 m deciduous
tree, principally distributed in continental Euroged eastern France. These two species are
known to prefer atmospheric moisture (Rameaal, 1993).Quercus pubescer{fubescent
Oak) is a 10-25 m. sub-Mediterranean heliophilond thermophilous tree, present in the
southern two-thirds of France.

The presence/absence of these tree species wastedtfrom the EcoPlant (Gégarit
al., 2005) and Sophy (Brisssnd De Ruffray1995) databases which store complete floristic
inventories on plots scattered over France. Thatiposof the plots is known within 10 to



1000 m precision. We used a sample of plots sedtdiccording to latitude (3 strata: 41-48°,
45-47.5 °, 47.5-51°), slope and aspect (3 str&pedess than 5°, more than 5° in north slope
, more than 5° in south slopes). The data set cen&219 plots, with each of the 9 strata
including 514 to 750 plots (Figure 3.1). Plots thase to each other were eliminated in order
to ensure a minimum distance of 1000 m betweenspéstd thus avoid problems in
distribution modelling linked to spatial autocoegbn.

Figure 3.1: Location of the 6219 plots used to nhqient species distribution.

For the three species, we evaluated the predichbiéty of solar radiation. We
compared distribution models realised without sokatiation values and others including
Helios irradiation, considered alone or integratedvater balance calculations. In the first
time, we modelled the species distribution accardm four ecological variables relevant to
characterisation of plant distribution (Frankli®95; Thuilleret al, 2003; Moseet al, 2005;
Pinto and Gegout, 2005): mean annual temperatuad JMmean annual precipitation (MaP),
altitude, and soil pH. These variables were exéhétom four GIS data layers: AURELHY
model at 1 km? resolution for MaT and MaP (Beniclaod Le Breton, 1987), DEM from the
French Geographic Institute (IGN) at 50 m resohutior altitude, and pH from unpublished
map elaborated with plant indicator values and mentessfully to predicAcer campestre
and Vaccinium muyrtillusdistribution (Coudun and Gégout, 2005b; Coucral, 2006b).



Correlation between solar radiation and other Wemused to model species distributions are
poor: R varies from 0.00094 for MaP to 0.066 for pH, eimyrthe absence of
multicolinearity problems during the distributiorodelling phase.

Logistic regression was used to elaborate the msodéth a forward stepwise
procedure to select the most relevant of thesawims. At each step, we selected the variable
having the maximal residual deviance (Couéual, 2006b), tested with its quadratic form or
if it not significant with the monotonic one (p-val < 0.001). The procedure was stopped
when the adding of a new variable do not involveignificative increase of explained
deviance or the remaining variables was not sigaifi (p < 0.001). The quality of the model
is characterised by explained deviance (D?).

We then added to the initial candidate variablesupplementary one, in order to
evaluate the direct correlation between modelléthteon and plant distribution, as well as its
correlation through water balance, which is of @ldémportance for plant distribution
(Austin, 2002b). We compared effects of water beganalculated with the Thornthwaite
formula (WBth), and water balance calculated withr¢ls formula (Wbtu). These two water
balance calculations obtained by substracting REprécipitation are well known since a
long time and largely used in ecological modelljAgstin, 2002b). WBth is calculated with a
PET formula which uses only temperature values katitlde (Richet al, 1995). The
computation of solar radiation, combined with tenapere values, allows to use Turc PET
formula to calculate WBtu (Turc, 1961). We choseatzulate the value of the supplementary
variable for June because of this month’s imporaioc plant growth and distribution. The
stepwise procedure was then run again includingessively solar radiation, WBth and
Whbtu, in complement to the initial Mat, MaP, altieudnd soil pH variables.

1.3. Results

Annual solar radiation values ranged from 1200 t607®1J/m2, with a mean value
near 4500 MJ/m2 (Figure 3.2). The national map shawatitudinal gradient with a radiation
increase from north to south, with higher valuesthe Mediterranean area than on the
Atlantic coast at the same latitude. The inset shgva little catchment in the Vosges
mountains highlights the importance of topograpioaditions on radiation in mountainous
areas. For France, mean monthly values range bet@&@& MJ/m2 in July and 350 MJ/mz2 in
December. Maximum values are located on the sautblepes in the centre of the French
Alps, and minimal values are both located in themof France and on northern slopes in the
mountains. The difference in radiation due to tappy is as great in rugged mountains (cf.
central Alps) as between the south and north afdga
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Figure 3.2: Annual solar radiation (MJ/m?) simuldtevith the Helios program in
France, with an inset showing Cornimont catchmarthe Vosges mountains.

1.3.1. Validation of radiation model

The 88 stations used for the validation range féotm 2780 m in altitude, from 0 to 37
degrees in slope, and cover all aspects. The amadmtion, obtained by summation of the
monthly values from the GIS model, is strongly etated with those measured by Météo
France (R? 0.78), with a mean annual bias of 30Xn#¥ (less than 1%) (Figure 3.3, table
3.2). The mean absolute error is 194.50 MJ/m? faorean global radiation value measured of
4450MJ/m2. 67% of stations present a differencevéen annual measured and modelled
values less than 5 % of the measured values, artd 8B8ow a difference of less 10%, the
maximum variation being 18 %. Ten of the statioivéng the greatest underestimates are in
the same region, in southeastern France (Figure Bn&) problem of radiation estimation in
this area could be due to differences in refleadioc the soils of Mediterranean regions, or
an overestimation of cloudiness. For all statidhs,examination of monthly values shows a
summer overestimation and a winter underestimatibrthe model as compared to the
measured data, the bias being reduced for the tywinexes (table 3.2). The correlation
between the model and the measured values is betteinter (R?2 = 0.88 in December or
January, the lowest R2 being 0.60 in April or May).



January February March April  May June July Augus Septembe Octobel Novembe Decembe Annua

MF 128.7 190.¢ 350.1 454.¢ 582.¢ 619. 648.f 571.¢ 3974 25:.9 147.( 105.« 4450.:
Helios | 111.7 1740 336.9 467.6 606661.2 681.5580.5 4017 239.8 128.9 915 4481.2
bias -17.C -16,¢ -13.z 12¢& 234 41¢ 33 8.6 4.2 -14 1 -18.1 -13.€ 30.€

Re 0.8¢ 0.8¢4 0.81 0.6C 0.6C 0.6z 0.6¢ 0.6t 0.7z 0.7¢ 0.84 0.8¢ 0.7¢

Table 3.2: Comparison of monthly and annual valoédHelios radiation with 88
Météo France measurements (MF) (MJ/m2).
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Figure 3.3: Relationship between annual solar raidia measured at Météo France
stations and Helios values (MJ/m?2)

We tested the Helios model using data from eleveasured ground stations with a
slope of more than 5° (maximum value = 38°, medneva 14°). These stations have a mean
absolute error of 305 MJ/m? for a mean annual dlodidiation of 4417 MJ/m2, which can be
compared to 194.5 MJ/m?2 for all ground stationswileer, it was not possible to link mean
absolute error with slope (p>0.05). This logicajjisi increase in error could be explained by
the complexity of calculation in rugged areas, fihe scale variation of cloudiness (effect of



valleys or tops), and the precision of localisatafinmeteorological stations (100 m). The
second limitation is the DEM resolution (50 m), alicould average micro-topographic
changes and modify slope and aspect values.

This GIS calculation, done for the median day axtdapolated to the month, does not
show sizeable variation as compared to the momnthlyes obtained from the summation of
all days of the month. The test made for 17 weastations for March showed an average
difference with measured value of 19.92 MJ/m? whik one-day calculation and 19.69 MJ/m?
for the 30-day calculation. It is thus possiblectdculate radiation over long periods using
only the median day, which is quicker and suffidgm@iccurate. On the scale of France, the
comparison with another origin of cloudiness (CRafag (Newet al, 1999)) shows locally
important differences. For example, we have abdQ tktas of variation for June with CRU
data, in southwestern France, involving more tha% Df radiation differences, with worse
results when using CRU cloudiness.

1.3.2. Sensitivity analysis

We characterised the relationship between the leabli global radiation and slope,
aspect, altitude, latitude and cloudiness. An iaseein cloudiness or latitude involves a
decrease in radiation, while high altitudes recenae radiation than lower ones. For June,
the difference in latitude between the south andhnaf France (approximately 10°)
compensates for an elevation of 700 metres on tradi@alues: both involve a change of
about 20 MJ/mz2 (Figure 3.4). The relationships leetvaltitude or latitude and radiation are
both almost linear. An increase of 100 metres iituale involves an increase in radiation of
4.4 MJ/m? in December and 14.7 MJ/m? in June. Raxiasalues decrease naturally with
latitude, this drop being greater at the equincxed smaller at the solstices, mainly at the
summer solstice. For example, radiation decredsastd 2.2 MJ/m? per degree of latitude for
March, and 2.7 MJ/m?2 per degree of latitude for June
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Figure 3.4: Variation of solar radiation for diffent conditions of altitude, latitude,
and cloudiness (MJ/m2).



We tested variations of cloudiness for three manilasnuary presents the maximum
values of nebulosity (3.8 oktas and 6.6 oktas)y ithe lowest cloudiness month (between
1.9 and 5.3 oktas), and September presents intataealues (between 3.3 to 5.7 oktas). An
increasing nebulosity between the two extremes decbat the study site leads to a decrease
for radiation of 18.3 MJ\m?2 per okta for Januar{,BMJ\m? per okta for July, and 39.2
MJ\m2 per okta for September (figure 3.4). Takingpiaccount cloudiness in the calculations
improves the model considerably, mainly in the mart France, which is cloudier, as we can
see at the representative Météo France grounarstafi Luxeuil (47°47°12"N, 6°21'54"E,
271 metres altitude, yearly average cloudiness @&k&as) (figure 3.5). For the 88
meteorological ground stations, use of cloudinesisies decreases average solar radiation
from 21% for December and January to 9% for August.
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Figure 3.5: Solar radiation calculated with Heli@gth and without cloudiness for the
Luxeull

Change in radiation values following the increasslope depends simultaneously on
aspect and the period concerned (figure 3.6). Areamse in slope corresponds to a decrease in
radiation for east and west aspects (90 or 2709, garticularly for northern exposure. For
the southern aspect, an increase in slope is litkkeoh increase in radiation in winter and to
an initial increase followed by a decrease in raaiaafter 45° of slope in March and 30° in
June, caused by the high position of the sun. Radiaariations according to aspect are
sizeable for the highest slopes: for March, radratanges from 1 to 9 for a slope of 50°, and
from 1 to 2 for a slope of 20°. The most importeadiation variations due to the slope are
observed for northern exposure: for example, thengh in slope from 0 to 80° in June
involves a division by 4, while the division is by& southern exposure.
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Figure 3.6: Variation of radiation with slope andect (MJ/m?)

France Lorraine Cornimont
(540,000 km?) (24,000 km2) (2.4 km?)
Longitude 4°44'W to 9°33’'E [Longitude 4°53'E to 7°39’E  JLongitude 6°50'E to 6°57'E
Latitude 41°20'N t051°50’I JLatitude 47°48'N t049°37’| Latitude 47°57'Nto 47°59'N
March June December] March June December] March June December
Altitude (<3000 m.) 77 90 25 23 37 7 21 34 8
Cloudiness 106 152 45 5 8 5 0 0 0
Latitude 122 21 81 9 7 1 0 0 0
Aspect with slope 5° 59 24 22 35 24 14 48 29 18
Aspect with slope 10°] 114 46 41 87 50 29 95 58 37
Aspect with slope 20°} 224 91 81 172 98 57 187 115 72
Aspect with slope 40° 944 170 153 323 185 106 N N N

Table 3.3: Amplitude of radiation values (MJ/m2taibed while varying successively
each model parameter between its two extremes ydarethree nested areas. Altitude is
limited to 3000 m., and slope to 40°. N = not olied.

However, radiation values are not distinguishedh®ysame parameters for different
scales. At a scale of a small study site, suclha@<Cornimont catchment area (2.4 km?), the
local parameter changes in topography (slope, sped to a lesser extent, altitude), explain
the diversity of radiation values (table 3.3). Tamger the surface of calculation, the more the
effect of global parameter (latitude and cloudihéssreases, becoming more significant than
altitude and aspect on gentle slopes in explairiihrey diversity of radiation values. For
example, for gentle slopes (5°), the effect oftlake or cloudiness is most important than
topography effect at the scale of France for Maktbwever, for steep slopes (approximately
40°), aspect is the parameter involving the greéatediation change on the scale of France.
The incidence of parameter variations on radiaosso dependent on the time of year. This



is particularly true for aspects with high slopeddatitude, which is more important in
March, and for cloudiness, which has a greateceifeJune, for large territories.

1.3.3. Large-scale plant distribution modelling using solar
radiation

The distribution modelling highlights a significaeffect (p<0.001) of calculated
radiation for the three studied species. The Dh witivariate radiation models reach 0.043,
0.018 and 0.100 foAcer pseudoplatany#\bies alba andQuercus pubescengespectively.
Temperature and precipitation are the most imporariables in predicting the distribution
of Acer pseudoplatanusndAbies albaand pH is most important in predicting distrilontiof
Quercus pubescenaccording to the deviance criterion. Includingasoadiation in the initial
Altitude-MaT-MaP-pH model involves a significant rease in D? for the three studied
species (Table 3.4). The responsé\oér pseudoplatanusndAbies albato solar radiation is
decreasing, and the response&Qufercus pubescens increasing, according to knowledge of
these species (Rameatial, 1993). Solar radiation acts in complement to otenatic or
soil variables to explain these tree species digions. The effect of water balance calculated
using the Thornthwaite formula is significant faack species but it is systematically lower
than the effect of water balance calculated withrcBuformula including solar radiation
modelled with Helios (Table 3.4).

Species Acer pseudoplatanus Abiesalba Quercus pubescens
occurrence 819 1172 905
rad6 0,043 0,018 0,100
pH, MaT, MaP, DEM 0,184 0,332 0,328
pH, MaT, MaP, DEM + rad6 0,217 0,352 0,343
pH, MaT, MaP, DEM + WBth6 0,197 0,347 0,337
pH, MaT, MaP, DEMt + Wbtu6 0,235 0,364 0,358

Table 3.4: Occurrence of Acer pseudoplatanus, Aslles, and Quercus pubescens (n
= 6219), and explained deviance (D?) for the mods#lglistribution. June solar radiation
(rad6), pH, mean annual temperature (MaT), mearuahprecipitation (MaP), altitude (Alt),
June Thornthwaite and Turc water balance (WBth6,t0@Bare used depending on the
models.

Each model was improved by addition of solar radlimtdirectly or included in water
balance calculated with Turc’'s formula. The besults without radiation were obtained
using WBth (respectively D2 0.197, 0.347 and 0.B87Acer pseudoplatanyusbies albaand



Quercus pubescensWhen solar radiation is available, the best n®dsed WBtu and D?
increased to 0.235, 0.364, and 0.358 for the samnee species.

1.4. Discussion, conclusion

Models using precise solar radiation taking topppreal characteristics into account
are generally carried out on a local to regionales¢Miller and Franklin, 2002; Ohmann and
Gregory, 2002), but not on a larger scale, such esuntry or continent (Turnet al, 2004,
Thuiller et al, 2005b), due to the difficulty of calculating acate data. Also, solar radiation
is rarely used to model plant distribution ovegkaterritories.

We elaborated the Helios program, necessiting fgwti parameter largely available
over the world, in order to calculate fine resalatispatially distributed solar radiation over
large areas, with good accuracy. Helios, checkeétfance by comparing model outputs with
data measured at weather stations, distinguishéddbabal variability and local topographic
conditions, which is not possible directly with enpolations from weather station or with
layers provided by satellite imagery (Hofierka &wki, 2002). We showed by a sensitivity
analysis the importance of each one of these coemsndepending of the scale,
topographical effects having a major effect urgtjional scale, but requiring to be combined
with latitude and cloudiness beyond.

The tests carried out stressed the importanceaofdaiess to limit bias of radiation
estimations at broad scale. Mean annual overestimaf the calculated radiation was 0.7%
for the 88 weather stations used with the overoastlel, and 17.25% with the clear sky
model. Cloudiness improves consequently the modspite the few meteorological stations
used for interpolation. In our study, the interpeth ground measurements from a
meteorological network are more efficient than CR&tas (Newet al, 1999), that can
nevertheless be used if no meteorological statitesdae available.

It is difficult to compare the results of this aalation with data from other studies
because of the lack of published validation for ynarodels, and the important differences in
methodology for the others. Reuter et al (Reetesl, 2005) calculated differences between
measured values and simulated irradiance with BR&C5model for two weather stations in
Germany, with differences of 6.34% and 7.31% fdy,Joompared with 5.09% for the July
average of the 88 weather stations used in thdystiang et al (Kangt al, 2002) also
compared the results of three different models Wwitleather stations located in Korea and



obtained a 16.8% underestimation for the annualuesal with one model and an
overestimation of respectively 20% and 1.6% forttix@ other models, compared with a 0.7%
overestimation by Helios in our study. Neverthelesdculations should be done at the same
place, with the same protocol and with the sameurgtocontrol points to compare the
effectiveness of different models.

Helios is suited to large-scale plant distributistudies: it enhanced directly or
indirectly, through water balance, the predictiverfprmance of the models for the three
species studied. Using solar radiation in wateama based on Turc formula for PET
calculation seems to be more effective than its aleee. The efficiency of this index is
confirmed by its successful use in tree growth mtash (Pinto et al, accepted). The
spatially-distributed nature of information prowvitley Helios allows to include solar radiation
in predictive distribution maps of plant species.

The model could be improved in different ways. Bmeount of clouds may vary in
short distances, particularly in rugged terrain igh@e shown radiation estimations are less
well estimated than elsewhere. A refinement of iapaind temporal cloudiness variability
could be a major improvement, using satellite clougasurements for example. The quality
of the DEM is also important : errors in slope aspect values as well as DEM resolution
can generate significant differences in resultskéearying albedo depending of soil cover
and season instead of the use of a constant vatuddsalso improve evaluation of terrain-
reflected irradiance, particularly in mountainougas where snow coverage has a high
albedo, or in Mediterranean regions where the \aiget cover is discontinuous and the solar
radiation systematically under-estimated. Howevee, estimation of this variable requires
precise information about land cover, difficultdbtain at fine resolution. The best numerical
data available for Europe is the 1 km2 gridded @oitiand Cover layer. It could be possible
to estimate values of albedo per vegetation uait$p directly use albedo values recorded by
remote sensing. The estimation of radiation at kyél under forest cover could also be
developed, for example using locally hemispheridawshed or a Lidar DEM to obtain
spatial information about tree shadowing.

Plant distribution modelling require to work overde territories, the extent of the
study site should range beyond the observed enveatahlimits of the species distribution
to identify all the conditions the species can.liMewever, large scale models generally don't
take into account topography effect which is anongnt driver of ecological processes that
acts as a local filter, allowing to distinguish favable from unfavourable habitats inside the
species range areas. Also, producing ecological I@&®rs describing finely biophysical
factors over large territories is an important stak the next years. Our work allows to
produce fine resolution solar radiation maps, &yd;ombination with other climatic datas, to
derived drought indices, easy to use for plantagists from local to large scale. These data



allow to improve spatial distribution models and @pe behaviour analysis, an information
particularly useful for ecosystem management iretttaal global change context.
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