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Ahsiraci—A now, more occurnbe and considernbly simpler version of the Peresfl ] diffuse irraadiance
immibe] is presenfed. This model is one of those seed currently 1o estimuate short time step (hoarly or
less) irradinnce oo tilisd planes based on global aad dect o diflfusel irmdinnos. 11 has beéen shosn
10 perform more aceurately than othes madels for b karge pumber of locations worldwide. The key
assumptions defining the model remaln basically unchanped. These inchode (1) & description of the
sy dome fesiuring o circiemsolar zong and honmon zone supenmpased over an issrops background,
and {21)a porametenzation of insolation conditions (hased on availsble pts 1o the madel), delermaning
the valoe of the mdinm power origmating from thess two sones, Dpertion] modificeiions performsd
o the model are presemied inou wiep by step approach. Each change is jusiified on the besis of increased
eake ol wse asilior overall sceuracy. Twa years of howrly dats on tilked plones from cwo climatically
distingl sites in Frunce ame osed o verily performnnce ncourncy. The Botropic. Hay and Elucher
maondels are wsed as reference. Major chonges include (13 the simplsBeation of ihe goveming equation
tw use of reduced brightness coeffickents; (I} the allowance for pegative cocfficients: (%) reduction of
the horizon band 10 an arc-ol-great-circle; (4) oplimization of the circumsolor region widib; and (5)

INAESECEET §lE - (m
T 19T Frrganon Jearasls 1id

optamwzation of insalption condilsons parmmelenzation.

L. INTHRODCTRHS

It is 0 current practice, for evaluating the energy
received by a tilted surface, to decompose the solar
radintion inte three compenents which are treated
independently[1]: DMrect beam, sky diffuse and
grovnd-reflectied,

Models dilfer penerally in their treatment of the
sky diffuse component which is considered as the
largest potentinl source of computntional ermor 2).
Whila the treatment of the direci component is
strnightforward and virtually ermmor-firee for flot sur-
Taces, thal af the ground reflecied component may
also be o capse of computationsl ermors which are
in most instances, however, of lesser overall impact
thin that caused by n poor description of the sky
hemisphere.

In o sepurate paper, the puthors investigale this
lnst paaind und deseribe simple guidelines (o nocownt
adequarely for the grouid reflected componeni]3].
The model discussed in this paper focuses on the
treatment of the sky diffuse component,

Origimally developed o handle instantaneous
cvenisf |, 4]. the Perer model, as it has become o
be known, has been more extensively used for
hourly applications. Although it requiires Ao more
input than the most simple mosdel assuming -
tropic skyi5], i.e, global and direer or diifuse imma-
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diance, i has been found o perform substantally
better thin that as well a5 other wiklely used pniso-
trople models [e.g 6—8] when tested against imde-
pendent data sets [e.g, 9-12].

The model was recently incorporated inlo San-
dia National Labormalornies” (SNL) photovoltaic
simadation  program. PYFORM[13]. However,
mare widesprend application of this model has been
subject to question because of (1) the fact that it
wins guite more complex to use than other models
and (21 the fact that i had not yer been walidated
for an exiended set of environmsnis,

The firs1 poini s addressed 1o a lrpe extent in
this paper: & oew simpler and slighily higher per-
formance, version of the model is presented,

The secomd of these concerns is being nddressed
1:!}' Sandin Maotional Labs who currently conducts
an extensive measurement program geared o val-
idate and'or configure the masdel for different key
climatic environments{14]. The impagis of atmos-
pheric meisture and aerosol content, regiomal al-
bedo, althude and locol skylines are notably nves-
tigated. Hesults will be reported subseguently.

L METIHHR

L0 Backgrewsnd information or orfgingl model
The Perez diffuse irmdiance model incorporates

Iwo basic componenis, The first is o geomeiric de-
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Fig. 1. Perer mandel's representalion of the sky bemésphere

seriplion of the sky hemisphese superimposing 4
circumsalar disc and borizon boend on pn seropee
background (Fig. 1). This conliguration was chosen
b0 el for the two most consistent anisotropic
effects in the atmosphere: Forward scattering by
neroacls and muluple Rayleigh scatiering aml re-
trosganering near the horizon. Assuming that -
dinnces in the circumsslar wnd horizon regions are,
reapectively, equal o F; and F; times that of the
bockgrouamnd. then the diffuse imadinnee O, im-
priging o b plane of slope &, |5 oblamed from 1he
horizontal diffuse 3, using

Dy = b

051 + cos(xll = alF; = 1) 4+ WF; — tr]
I + cflF; — 1} + fiFs = 1) ¥

il

whare a and b are the sold angles occupied, re-
spectively, by the circumsolar region and the ho-
rizon band weighted by their nverage incubence on
the slope. The parameters « and o are the squivalen
of @ and & for the horizonlal, These are specified
in the nomenclniure,

Bright Overcast Skies

R. Pennz et al

The second component 15 empincal and estab-
lishes the value of the brightness coefficients F; and
F: i a function of the insolation condithons, These
conditions are parimeierized by three gquantities
which descnibs, respectively, the position of ihe
sun, the beightness ol the sky dome, and its clear-
ness. These quantitics are, respectively, (11 the
selar zemith angle £: (2] the horizontnl diffuse -
radiance [y and (3] the purmmeter & cgual o the
sum off £ und direct normal f divided by 2y, 1t will
be noted thad ithese three guistities require no more
input than is mormally required by other maodels 1o
compute houdy iradinnce on b slope.

As anexample of this paramelerzation, a1 seniter
plot is presented in Fig. 2 which shows the distri-
utiom, in the (1, € pline @ & = constant of
hourdy observations recorded during o three-vear
period in Trappes and Carpentris, Fronce] 141, In
ihis fgure, 2, his been normalized 1o ealraterress
trinl ghivhal pnd is referred toas delia . This shoas
the dependent churacter of 2 and & for high s
fclear skies) and their independent poture for low
e's (overcast and partly cloudy cases).

For practical applications the (£, ¥, &) space
wits diviided knto 240 sky condition categories (5 for
& B for B and 8 for &), For each calegory, a pair
of (Fy, F:l cocfficienis was established, These
coelficients were oblamed from the lenst sguiice ft-
ting of eqn (1) o actual datn recorded on sets of
sloping pyranometers.

2.2 Survmary af changes fromm originad o presem
model confipieration

The rationale behind eoch modification was o
render the model less complex to use while either
AsunAlining or improving its sccuracy, This was
judged by testing each version of the model against
e three-year data sets from Trappes and Caipen-
tras, France, inchsding houdy global irmndinnce
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Fig- 2, Distribution of observed baury events in Truppes and Carpentrus (iwo veurs of data), in the
Iy, € plone for £ & |45, 557).
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measurements on fve tilted surfaces. The rosulls
of these tests nre presented in the next section.

230 Uye af reduced brighmmess cowfflcienss.
An' important drawback of egn (1) B s non-lin-
enrily with respeéct 1o F, and Fy a5 defined earlies.
The determinntion of these coelficienis through
least sgunre fiming calls notably for o series of ap-
projmations and for solving scis of pon-lnewr
equations which may require considerable com-
putntion.,

A major step toward simplification was taken by
rewniling the model’'s governing equatben using re-
defined brightness coeflicients. Equution (1) may
be written as [16]

0. =0,

o LR v Y s -
—’Jl i 2

DL+ DL+ Dy

where the superseripts §, o wnd kb reler, respectively,
to the diffirse contmbulion, on the horzonial or The
slope, of the isotropic background of the circum-
solar and the honzoen regions, Moting that the de-
nominator of the righi-hand side of egn (21 ks equal
to £, Ehis may be wrillen as

DL peny
D, - ::r.{ i

(3

(s 0,03

nin::}
Further, sme mates that 200 equal to a'e, ths
D05 s equal o bio and that 0] is, by definition,
given by

D= 0501 + cosle)) LDy - DL - DY (1)

Flui]l:f'- il By i set equal o Foand ﬂﬁfﬂl Lo
F3, egn (1) hecomes

B, = D051 + coalspil — Fi - Fil
+ Filaic) + Fsilkidl]. (5

Equation (5] is linenr with respect 1o the terms
Fiomnd £ defined as reduced brightness coeili-
cients. Conceptunlly they represent the respective
normiplized contributions of the circumsalar snd ho-
rnizon regions io the tolal diffuse energy recetved on
the hornzomal, whereas the origingd cocfficients
represent the incrense in rudinnce over the back-
ground in both regions. For instance, o valoe of 0.5
for F) mdbcntes that 50% of hortcontsl diffuse be-
haves approximately o direct mdiation, whereas o
value of F: equal o 0.2 indicates thot o vermcal
surfsce will sccess an additional amount of energy
equal to 0% of the honrontal diffuse radistion,

The relationship betwesn the reduced coeffi-
cients nnd the originnl ones are e Tolbowing:

Fi =olFy— 10l +alFy — 1)+ 8 F; = 1),
Fi=a[Fz: = IVl + elF; = 1) + dfiF; = 1]]

1)
L]

It will be aoted thal eqgns (5) and (1) define ex-

acily the same model framework, As before, the
new coefliclents may be derived empirically from
experimenial dats recorded on sloping surfaces.

2.2.1 Allowance for neganive cofficients, In i
original setup the model did not allow for coeifi-
cenis smuller than one {i.e. negalive reduced coel-
ficients). In other words the model returmed G0 an
isotropic  configuration  whenever observations
could not be explained by an inerease in msdlance
in either of the anisotropic regions. This setip ex-
plained most situntions except overcast occurs
rences whish the 1op of the sky dome is the brightest
region| 17].

Alihough negative coefficienis are physically
meanlngless (since by definition this would mean
negalive energy received from & region n the
domie), the use of negative F3 cogfficienls is oguys
plent, ns (ur as flat plaie surfaces are concerned, (o
nabiding & third brighter reglon at the top of the sky
hemisphere. This new setup yiclds noticenble per-
formance improvements parsculardy for climales
where cloudy condditions prevail,

223 Gromeiric framework modiffications, (a)
Huorizon bands The original conflguration called for
a 6.5 elevation horizon band. A rigonois definition
of the term & in egn (1) or 15) is rendered complex
by such assumpiion. This was partly circumvented
in the ariginnl maodel by accounting only for the hall
horson band facing the slope. thats cousing o dis-
confinuity between the horicontal and slopes ap-
proaching o

A much simpler configuration is now proposed
whereby ull the energy of the horieon bamd is con-
tauned i an nfinitesimally thin region &t (F cleva-
tion, Equation (5} becomes

D, = 051 + cosle)) (1 — Fib
& Fitale) + Fz sin{a)]. ()

(bl Circnmsolar region: The circumsolar region
was onginally set 52 153" half angle, A much simpler
approach would be o assume that &l clreumsakar
encigy originates froan a point source; In this case
eqn (8) may be simply written as follows:

0, = D051 + cosish (1 = Fil
+ Filcosill, Veos(Z)) + Fy sin(s)]. (9

However. unlike for the horzon band, this sim-
plification carses amull pdrfnrtnl.rhr.': deleronilion,
noticeable for the non-sooth onestations—ior
which low sun incikdence events and therefore the
physical size of the cincumaolar region have a larger
impact. & 35 half-angle circumsolar regeon was
found 1o provide the best overall performance and
is wsed as & basis Lo illustrate the impuct of the other
simplifications and changes descnbed hereafier.
The ° podnt source option will be propaosed as an
aliermative version of this model. lis operntional
configuration is reporied in Section 3. For infar-
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mation, periormance valkdotion results osing the
mesdie] with 35%, 25°, 157 and poind soorce circum-
solur regions are presented in Tahle 5,

It is important &t this point to remind the reader
that the circumsolar representation used in this
mulel (Axed width, homogeneous circular zone) is
accepiable only for collecting elements with wide
field of view (e.g. far plate collectors). 1L would be
Inaccurale 1o use this represeniation as is bo com-
pute redisnce (or luminance} in specific points of
the sky dome. This would regire o more detailed
deseription of the forward scatiered mdiation, &c-
counting for actual radinnce profiles and for their
variations with insolation comditions (e g. see [1H])L
The samse is true for the honzon brightening repre-
seniation used in this model, An expanded version
of the medel, suited for such applications, (5 cur-
remtly under developiment.

224 Ciptimization of inselation peamererize-
o,

ia) Replacensend aof 1y by & The second guan-
ity selectied o describe msolation conditions (hor-
pcontal diffose madinnce, D) is not wtally inde-
pendent from the first quantity (solar renith angle),
Independence between these two dimensions de-
scribing, respectively, the position of the sun snd
the brightness of the sky may be achicved by se-
lecting & new second dimension, A, defined o

A = [DymWiy,

where m 5 the relative air mass and Iy the exira-
terrestrial padintion. Mormalization with respect to
I alvo renders this dimension independent of the
users’ unit,

(b] Redeffmition of the &, ¢, Z grid: The discrete
sky condition 3D space pssocinted with the original
model is composed of 240 categories.

Each of these specifies a pair of coefficicnts,
This approach was chosen primarily to facilitate ob-
servational analysis of experimental data, It has the
advanlage of requiring no compatation for gquerving
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Fi and F3 for a given sky condition; however, the
user must carmy n tble of 480 terms.

An aliernate approach would consist of using
anrlyiscal Tuncisons for Fjand Fi. Alhough simpler
m concepd, the fully analviickl approach wis re-
Jected Because of the added computational time
cansed by a rmther complex formulation. This com-
plexity is due mosily o the varable « which re-
quires & five degree polywomial (Le, a 24 term
cxpression i the varintions with & and & are as-
sumed finear] to appronch the precision of the org-
il gricd-based appraach.

A comproumise is proposed here, wherehy 7 and
F5 are expressed as analytic funciions of & and Z
while an eight-catepory discrele axis is kepl for «.
The partition of that axis is opltimized to provide
the same mean vamastion of F) and 5 in cach cai-
egory. based on the four-vear experimental data sel
pooled from the two French siles. The anabytic
function in each e calegory is of the form ¢ + &
+ g, where ¢, f, @ wre constants, Indeed, varia-
tons with £ and & are found o be well-expliined
by imdependent linear approximations,

3, RESULTS

1 New model fororlation

The new governing equation of the model i
given in section 2.2.5. [eqn (B)]. All terms were de-
fined above amd are summarized in the romencla-
ture. The redoced coeflicients Fii£, A, «) and Fi(&,
4, &) are given in Toble 1. A simpler, slightly less
accurale version ol this new model [egn (9], is also
miroduced; the commespomding brighiness coeffi-
cients are given in Table 3,

Scamer plols by Figs. 3, 4 and § illustrate the
variations of F| and F; with respect to £, & nnd -,
respectively, Variations with & were ploted for e
values comprised between 2.5 and 5 comresponding
o intermediate to clear and turbid skics., Variations
with & were plotied for e < 1.05, that is, for overcasi

Table |. Generic circamsolar (F7) asd harbaon brighlsming (F3) coeffickents
develapsd Irm Trappes and Carpeniras daia for the 297 clircumsaler model

25" gircumsolar region

« bin  Upper Casex”

" Rirmit [T Fn iz Fia Eiy Fis Fa

1 1.0 4.4 =dq.01] 0748 =DpBr —0.048 0.07F  —=0,024
2 1,253 932  —{.0x8 LIS =i =0,023 0,00 —00aT
a1 1588 717 i1, 1&h nE  —0lTe 0o —0.011 = [, K50
4 214 T.RR 0,419 Ootdis  — 1202 004 -0 06T —himl
5 330 ImcHd .70 0035 -2 0.4Y  —0.5101 =i
[ 5980  [4.57 0.557 —0370 =X 0,367 =07 00Te
T 1oosa 1417 0,74 =0073 —ik2IR 0.3  — ), 180 {0, [ty
HY == ] 0421 — [t (1K anis =T I2F . ddi

Fi = Flile) + Fla(el®A + File)*Z
Fi = Flila) + Fiz(el®A & File)*2

™ Percent of tousl eases Tor 2 years each af Trappes and Canperiras, Franca.
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Taubde 1. Generis cirsumsolar (P ) ond horizoo brighteming (55 coeffkcients
dervelonil from Trappes and Carpentras dsin for the peint soarce clircumsalar

=

e bin  Upper Cases

Paint source clircwmsolar reghon

# limmit (%) Fly Flz i Fn Fn Fn

1 L% 2405 (L0410 0N.&2) Q. los < 1,0 0074 000
s 1.25% 832 0.0 0965 <068 —D0ES .l —0ms
3 I.38h 707 0.227 0,866  =0,250 0068  —002 —00e2
4 2AIH TER  AL48& 0.6 —0.373 0148 —0.13Y —0,086
] I JEE DERS i (485 0 —04uT  —0 00
& SOR0  |HEF Ll —03e0 —0.80d 03— HM 0,04
T kO 1517 L0 —0hE  —(433 0347 —1.288 0. 155
L] - foh L9 - 1125 —0.337 0226 —L.44% 0,353

o= el = Flalal®& + Flalal*Z
Fi = Piia) = Fhafil®A + Flla)*Z

* Perceni of toanl events for I years ench of Truppes and Carpesims, France

EENITH AMGLE (deg.}

Ia

&l
Fig. 3. Variatloes of Fi and Fiowitl solar penigh angle for ¢ @ 2.5, 5], Besulls based on fwo years of

aliita Trom Trappes and Carpentras

a0
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PFig. 4. Varatons of F] asd £ with & for o =

0.8

L0, Resilts are based oo nwis years of dits Frosn

Trappes and Carpenims

conditions, wihile variations with ¢ were plotted for
zenith angles ranglag froem 45° o 55

The vse of lingar approximations for explaining
the varintions of £ and FL with 4 and & for gven
« imtervals are clearly justified by these plois, Varia-
tions with & are more difficult to express with simple
analytic expressions.

These plots confirm past observations made
abowt the brightness cosfficients: (1} evidence of
circumsolar brightening for bright overcast skies;
(2} maxmmum of circumsodar brightening for parily
cloudy to clear highly turbid atmospheres; (3) de-
crease of eircumsolar brightening and marked in-
crease of horlzon brightening for low wckidily clear
akies; (4) fairly low seatler in expecimentally de-
rived Fi and Fi—this is particularly imeresting for
infermedinte skics given the farge number of pos-
sible sky configurations fzlling into that catepory.
It will be noted, concerning this last point, that
much of the dispersion for & < 2, (see Fig. 51, may
be explained by variations of A,

These resulis are hased on the analysis of & com-
posite datn file from Trappes amd Carpentrus,
Frunce, inchsding two years of hourly measure-
menis for each site (Ref, [12]) The measurements
inchede global irmndiance, direel imndisnce and
glakal trradinnce on a 457 tilt souih plane nnd ver-
theal south, west, north and east planes. Ground-
reflecied  irradionce was  avedlable from  sky-
shiebded vertical pymnometers facing north ancd
south and was effectively removed from the tilted
global measuremenis a8 deseribed in [10].

The sites of Trappes and Carpentras represent
twen different elimatic environments (respectively,
maring temperata and Meditermunean. They con-
stituie, therefore, an acceplable basis o use the
mode| for climates ranging between these two ex-
remes,

The reader s cautoned, however, that this
model has mel vet been wvaliclated for all possable
solier environments, An active pIogram (5 now un-
derway[14] which will either validite existing for-
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Fi 5 Vursstsms of & nisl F) with s Tor £ € 457, 357, Resalis are based an pwo years o dotn foom
Trappes dml Carpentma.

malitions or provide seis of coefficients applicabie
o several Key environments in the United Stiles,
This program imvestipates in particular the effects
of altitude. regional albedo and sensonal local ner-
osol content on maosdel conliguration and performi-
N,

Y3 Model performance validation

The value of the chinges to the Perez model s
considered from two perspectives. First, we ex-
amine the ohjective performance improvemsant in
predicting diffuse radintion on sloping surfisces, and
second, we exomine the practical goin in lerms af
usability of the simplified model

Ak Prediciive performance-test renilis. The
muin criteria used for model evaluntion ore the RMS
and mean bias errors resulting from the actual and
modeled diffuse. Test dwta are identical 1o that used
i eatablish the coefMcients, thal s, two vears of
hourdy dats from both Trappes and Carpentras. In
this respect the test of the Perez model may nof be
considered as independent. However, the pool of
lhllhmhmnmlﬂmtﬁm]:lnf:lh: o siles so
different that tests may be held as valid given the
present staius of knowledge in this area. More in-

formation on this aspect of the model will ke oh-
lained when SML dots becomes available for anal-
sl 14].

Testing the model is a iwo-sicp process. First,
e coelficients F and F; musi be genermied, Dur-
ing this siep, we may alwso observe the distributbon
of evenis with « fo opiimize partitioning. Second,
using the cocllicients =0 generated, the model is
wsed Lo caleulnte hourly rdintion impinging on var-
sous surfaces, The errors generated are compared
12 three widely used models for reference. These
mre the wsotropic|2], the Hagdd] and Klucher[4]
models.

The Perer model hut been tested ui each step of
the simplification discussed above. These results,
based on Tmppes and Carpenimms dnts, are sum-
murized in Table 3. Further, the original and the
new model configurations’ performances are come-
pared for Albany, NY. Results are reported in Table
4. This i= based on two yvears of SEMETS hourly
datn| 9],

The hine labelled “Perez 17 is the omginal ver-
sion of the model, Perex 2 throsigh 7 are successive
changes introduced in the model, Tha st step fo-
ward simplification (s the introdoction of & simpler
governing equation (Perex ), Mote the slight loss
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Taokble 3. Model porformance test statistical resulis, Perez 1 original model;
Perez 2 = Perez | + eqp (31 Perez 3 = Perex 2 + ullowance for negative
coellicients; Perez 4 = Perez 3 = eqn (8); Perez 5 = Pere: 4 + 15 crcumsolar
region; Perez & = Perez 5 + use of & |[nestead of Fh; Perez 7 = pew model (25
circumsobir], Besulls mre based on bwo vears of haourly data from Trsppes and

Carpeniras
South Mo Hust South Weste Cimpsasite
Model 45" wertical  verticnl verticol  veriical error
HEMS ERRCIRES (k],m  “.he ")
Isastrerpic 163, 1 19,8 1590 I155.4 5.0 LS04
Hay L H7.5 1127 OH. 4 N7 L e S
Klhicher TE.4 I7E.2 140,z 9.8 141.7 I131.3
Perez 1 FERY 457 ol K T 45k LW |
Perer 2 0.5 ah.4 6l.3 6.4 9.3 S6.1
Perex 3 50.% 42 K 9.6 8.4 37.3 . |
Perez 4 S0.M 43.1 1 58.2 6.8 539
Perex 5 a9 9 an.n 592 56T LIS | kR
Perez f A iBG 57.8 55.3 536 51.3
Perex 7 493 3.9 57.5 556 529 511
MEAMN RIAS (kl.m ~ *hr— %)

leotrapic — i K [ —37.4 —H5.0 — 1.5 715
Huiy = ) n.x 18.n 446 = 26,9 41.2
K lucher — 3.1 1211 30t -11.8 418 ol
Peyer | =B85 4.4 L] (1 | 13.2 139
Perex 2 —H.t L | [N ] 11.8 14.% 14.%
Perer 3 = 13.0 18.1 = .3 4R 7.3 111
Perez 4 —|1.1 |85 — .5 im 1.0 17
Peiez 8 = 1225 17.4 6.3 6.1 7.5 [[1R]
Perez & - 133 17.8 — 5.5 5.5 1.9 11.0
Pejeg 7 = 14,1 I17.fh 6.5 4.7 7.1 1.2
Avernge Gilobal I 2323 a1 Hd4H A G, &
MAovernge DMiffuse Uy a1 | MG LTS, 3.7

Table 4. Model perfformance 1est sintisticn] results for Albony, MNew York. Resulis
arg Bhsed on twor veairs of hoiarly dats

Hanisth Marth Eaxt South Wenl Cemmpsnsile
Ml o=l 45" verticn]l  wverticnl  wvertical  wertionl ErTor
RMS ERRORS (k) m  *.hr ")
Isciropac 1154 Ik T 1456 1L 15214 12558
Hay T4.1 H4 T T 75.9 2.1 #7.2
Elucher 512 158 d 1342 Tas 141.7 el |
Crriginal Peres 40K ind 5.1 HE.E 63,2 54.3
Mew Pprer * iag 3.5 552 9 [N H.T
Mew Perex 41.2 2B.1 50.3 61.3 5T.3 ELUN |
MEAMN BIAS (kI.m *hr 1)
Isotropic — 724 LT — 237 —36.2 — 4.4 46,2
iy = A2.4 2.3 =131.6 — 8.5 = 231.9 3.3
Klucher —12.3 123 150 37.4 41,7 3.4
Chriginal Peres 4.1 14,6 —d.2 3.6 .6 1.0
Mew Perer “ - 4 f 1K ! = I | 1.0 -4 i.2
Méw Perez —5.5 4.6 — 15.0 19.7 —d.2 I8
Avernge Global 13504 1339 EH4 4 TS5 5T9.6
Avernge [NiTuze 23501 Xg.a O 2.0 4.3

= pednt sausrce cliciimeolar;

" 25 clreumsoler reghon
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on south surfaces. This loss seems o reasonable
trade-ofl with the much simpler model eguation.

Step 3 reflects the aflowance for neganive coel-
ficeenis. The lable of mean bins errors emphasizes
the importince of this step. The BMS errors also
cxperience u considerable benafit from this simple
change. It will be noted that all performance galns
from negative coefficients resulis from better hnn-
dling of overcast conditions,

Another simplifying change in the madel 5 1
reduction ol the phvsical horieon band 1o & linesr
quantity. In sdfition fo greally simplifying model
implementation, this has also provided o small over-
wll perfforman<e improvement as shown in Perez 4,

Setting the circimsolar ball angle to 25 degrees,
am increase fromm the onginal 12 degrees, provided
the owerall besl resiills lor the two test sites. This
change s incheded in Percz 5—performance varia-
tioms as o function of cirgumsaslar region definition
e mlss reported, For information. in Table 5. Ap-
other moticeable performance pain (Perez 6) re-
sulted fronm the use of & instead of £,

The final change. for this smdy {8 the consoli-
dntion of & wnd & as functionnd components of the
mkle| coefficients, F|and F3. This is a fairly larpe
evolutionary step for the model, and 4 slight ae-
ciracy losa 18 encountered on the south serfsces
whibe stightly improving evermall performance. This
last step nlso includes optindzation of & axis par-
Litboiing.

322 Cewmprfatiemd inrEroneme i, In nsseas-
ing the compatatenal improvenent of the model.
we will consider two podnmts. First, the issue of
mode| complexity. The model should be ensy to im-
plement and use for personal computer applica-
tions. [t should also be simple enough 1o allos hamd
cillcilations if mecesaary. Second, we pddress the
generation of coclficients, Fl and Fio A resesrch
orpanization should be shle o develop these coef-
fcients localty, rather than depend on s generic set
intendsd o satisfy o broad climnte spectrom,

L9

Dherermiination of brightening cosfficienis for o
wiven pvends [n the olkd version, F| and F) were each
atored in & thres-dimensionn] matnx of 240 cle-
ments. (Obtwining F] and F) required a mapping of
the contindris variohles A, & ond 7 inbo this dis-
crede spoee, O averape. this would regoire eight
comparsans for the mapping (2.5 Tor &, 3.5 for e
undd 2 for £), end (wo table rendings.

Far the new model, Foand Fi oare determined
by two simple functions, We mest still map « 10 a
discrete space reguiring an average of 3.3 comgsar-
s, Then, & lodal of six toble look-up are re-
quired,

On a compader, the differences between the onig-
inal and the new methods are negligible in temms of
time: |ogleally, the new mothod is moch more
straightforward. Hoth methods . require initiakica-
tion: the old meeds fwo armys of 240 slements exch
while the new needs six arrays of cight elements
cach. When computed by hand, or on o caleulator,
the iser worikd probably read the values from a
chart.

Maodel! fremework: The ol model framework
wis & [unction of the type

Ro= g + n‘-F1 * l'-f']':lu'll:' + PH"| 4 eF ),
whereas (he new model is 4 funclion of the type
R =g + Fi& + Fie',

where a', &' and ¢ arg all simple functions. Tm-
plementing the new model is far simpler than the
Ml paaticalarly if one uses the point source version,
Adthough, the sivings in cosmpuler tine [or a single
run 1= probably not noticeahle.

In general, the model has become simple enough
thal {15 wse s practbend under almasl any circom-
slENCEs.

Gieneration of Coeffleleats yer: Most users will
never neod 1o penerate coefMicients for F| and F35,

Tatle 5. Varations of model performance with size of cireumsolur
regeit, Boualls are based on two years of hourly duls from Trappes aml

Carpentras
Circamanisr
FEgion
sumlgining  Sowlh  Norih Ensd Stk Wesl  Compskile
hall anghe 45" vertical  verlcal  vertical  vertical Eafui
BMS ERROERS (klom " ')
LI 48.3 438 hl.E o] =0 4.1
15" 48 4 H.6 SRR 29 & L.t 1.9
i o 457 7.5 574 555 a 51.0
o ] K. 15 % R LR LA ] 5.7
MEAMN RBIAS (kl.m *hr— ')
i = 4 12,1 -1 Z.3 9.9 10,6
15" =112 18,2 —6.7 13 [T 0.5
5 =140 ITh — .4 b T.0 11,1
o ~ A3 182 — .0k LR L 12.5%
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am nowellrounded peneric andlor environment-de-
pendant seiid) will be made readily availabie][14].
However, research Mcilities with access 1o solur
daln base muy wanl (o develop thelr own coelfi-
clents for o specific environment, This process is
now greatly simplifiesd, A progrom to solve & systeen
of noo-lincar equations wsed 10 be required. ‘This
could consume considernble compiling resources,
and could penerule non-converging solutions. Coef-
ficient generutions now invelves only salving seis
of limear equniions,

A CONCLLISHNS

A siimmary of the modifications performed on
the Perez model to increase its simplicity, while
muntining or improving accurscy has been pre.
senied. While the key wssumptions defining the
mandel remain anchanged, substindind operiling'®
medificutions have made the model fidy simple w
implement and use for microcompuier-based up-
plications, well in line with othér. less acoumte
molels,

Togather with incrersed simplicity, the pro-
posed changes result in improved accuracy on ull
tested orientations und slopes, [mprovements wene
found to be most moticenble for vertical surfaces
particulurly for the north-facing one, A simplified
“point sowrce version of this new mode] (s lso
proposed. 1 also femires improvesd scouracy on the
original model, bint 1o o lesser depres for non-sosuih
surfnces,

Each simplification was validaed based on two
vears af hourly detn from Trappes anid Carpeniras,
France! two environmentally distinet slies featur-
ing, respectively, hmid sceanic and diy Meditier-
tivneivn chimates, Conclusions reached for these two
sites were substantinted with datn from  Albany,
Mew York.

The generic models established for the twis
Freneh sites now feature an improvement of up-
proximately 2.5-3 to | over the sotropic model,
RMS crrors for all orientations are kept under 1
W m~? while meun bias ermors are kept under § W
i~ for the two sites tested,

It willl finally be noted that the main focus of this
paper wis o introduce & simpler version of o model
wiich his dlrendy been extensively validated, Fur-
ther questions remain concerming the poiential im-
pagi of altilude, regional/seasonal albedo mnd Tocal
mmospheric moisture and porticalate condent on
the model configurmtion (e, Intensities of korizon
and gircumsolar brightening) and on its perform-
ance., However, il s not thought, based on existing
validwtions, that these should hove such an effect
as to drustically change the performince hiermrchy
fi.e. isotrople versus Hay versus Klucher wversis
Perez) shown in Table 3. These questions are cur-
rently being addressed and will be the ohjeet of up-
Caaming Commmications.
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ROMESULATURE

£ Solur genith ongle
Fy thriginal circamanlar brighteesh cosfficien
Fy Chriginal horizon brightness confficrent
0, Thiffuse mradiance Wnpliiging on a filied surfses
11y, Thifuse radionce on ihe herdeontal
» Flane tilt amgle
@ Solil angle ofcupied by the cioumsoias region,
waighted by ith svernge indidence on the sbape. |n this
study 4 = npprosissted as follows:

4 o= — oo aky,

where w ik the cimumsolar region sl ungle snd 5,
in given by

e = oo B W T~
e = hyik minla, w

Irm, e [me = ol @nd g, = I, olherwise, where 4, is
1k meidence angle an ihe tiled plane, &y, is d=fael
helow (ke term cf ond b, = [iw2 — B, + alinld

b Solid angle cocupssd sy the horizon region, weighnesl
by it average incidence on the slope. This i ap-
privvimaded as follivses:

b= Jelw um

wivere £ is the ungulur thickness of 15 Borizon band
and £ is given by

£ = {3 - Eim + §T
v Boled nmgle occipml by ibe clrcaimssdsr region,
weighded by ils sverage incidence on the harizonil,
In this sudy, ¢ is sppraximazed ps follias:
o= ] i mlye,
whete ya is mven by

K = g [N C =l =,

¥a = g sindiby ab, dheradse.,

Wheste by is given by

s =imi — 54 niZa il Z > w2 - o
dig = 1, ofherwiss

o Salid angle oceipiod by the horizon band weighted
:rm averape incilence om the kor2onts], s given
¥
d = (I = e I EVE
¢ Sky chrarness puramicler given by
- I.ﬂp. + fl’ﬂh

where ! s the direct normad meldence irmulinnce
4 Mew sky briphtness parameter given by

8 = g mily
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where m is the relative wir mass and fo the peoremal
incidence exiraierresirial rudintion., (A constant value
wan used in this study.)

Mew circamsolar brighiness coefMisieni

Mew horizon brighiness coefficient
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