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Summary 

An autocar, equipped v i t h a number of different radiation measuring 
instruments, constructed at the Physical-Meteorological Öbservatory of 
Davos,vas operated at various locatiohs during the last twö years. By using 
7 pyranometers movable v i t h step-motors in any position this mobile 
system permits to determine the global radiation as f a l l i n g on arbi-
t r a r i l y orientated and inclined plane surfaces. The direct solar 
radiation on normal surface is measured in the t o t a l spectrum, in 
the 3 broad spectral ranges of the Schott f i l t e r s 0G1, RG2 and RG8 
and also at 12 quasi-monochromatic vavelengths. Terrain properties 
and cloudiness distribution are recorded by a 180° (fish-eye) camera. 
By these means also the diffuse radiation flux on 77 differently 
orientated and t i l t e d planes could be determined in several hundered 
cases for each plane. The dependence of the global and diffuse 
radiation intensities on solar height, atmospheric turbidity, clou­
diness and on the orientation and inclination of the plane v i l l be 
discussed. 
The system is among others appropriate for extensive and precise 
calibration of solar collectors immediately at the site of their 
installation. 



Zus ammen fas sung 

Vor etwa zwei Jahren wurde ein (Motor-) Fahrzeug mit verschiedenen, am 
Physikalisch-Meteorologischen Observatorium Davos entwickelten Strahlungs­
messgeräten ausgerüstet und in Betrieb genommen. Seither sind mit diesem 
System an mehreren Orten Messkampagnen durchgeführt wordene Zur Messung 
des globalen Strahlungsanfalls auf beliebig orientierte und beliebig ge­
neigte ebene Flächen wurden sieben, mit Schrittmotoren i n verschiedene 
Positionen gesteuerte Pyranometer verwendet. Die direkte Sonnenstrahlung 
senkrecht zur Strahlungsrichtung wurde im Gesamtspektrum, in den Spektral­
intervallen der Schott'sehen Filt e r 0G1, RG2 und RG8 und auch in 12 quasi­
monochromatischen Wellenlängenbereichen gemessen. Die örtlichen Terrain­
verhältnisse und die Wolkenverteilung am Himmel sind durch 180° (Fischaug-) 
Fotoaufnahmen festgehalten worden. 
Auf diese Weise konnte jeweils auch der diffuse Strahlungsfluss auf 77 
verschieden orientierte und verschieden geneigte Flächen in mehreren 
hundert Fällen pro Fläche bestimmt werden. Es werden die funktionalen 
Beziehungen der Globalstrahlung bzw. der diffusen Strahlung zur Sonnen­
hohe, Lufttrübung und Bewölkung sowie zur Flächenrichtung und -Neigung 
untersucht und diskutiert. 
Das fahrbare Messsystem kann u.a. zur umfassenden und präzisen Prüfung 
von Sonnenkollektoren unmittelbar an deren Aufstellungsort eingesetzt 
werden. 

Resume 

Le Centre Radiometrique Mondial de Davos a developp$ une Station mobile 
equip6e de plusieurs instruments de mesure des radiations solaires. Ce 
laboratoire est operationnel depuis deux annees et a dejä effectue des 
mesures en plusieurs endroits. 7 pyranometres mobiles (mont6s sur des 
moteurs pas-ä-pas) permettent de determiner le rayonnement global 
arrivant sur des surfaces d'orientations et d'inclinaisons quelconques. 
Le rayonnement solaire direct sur une surface normale est quant ä l u i 
mesure' pour tout le spectre, derriere les 3 f i l t r e s Schott utilises 
habituellement en actinometrie (0G1, RG2, RG8 et quarz) et pour 12 
longueurs d'ondes quasi-monochromatiques. Les proprietes du terrain et 
de l a couverture nuageuse sont enregistrees par une camera equipee d'un 
objectif oeil-de-poisson de 180 d'ouverture. 
De cette facon, i l a et$ possible de determiner le rayonnement diffus 
arrivant sur 77 surfaces d'orientations et d'inclinaisons differentes 
lors de plusieurs centaines de mesures. L'intensit€ du rayonnement 
global et du rayonnement diffus est 6tudi$e en fonction de l a hauteur 
du s o l e i l , du trouble atmospherique, de l a couverture nuageuse, de 
1'orientation et l'inclinaison de la surface consider§e. 
Ce systelme permet entre autres de proceder ä des calibrations precises 
de collecteurs solaires in situ. 
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I n t r o d u c t i o n 
Meteorological Services u s u a l l y record at a l i m i t e d number of 

st a t i o n s the g l o b a l r a d i a t i o n f a l l i n g on the h o r i z o n t a l surface, 
at fever places also the d i f f u s e component separately and ät ä fev 
selected s i t e s , e.g. observatories, the d i r e c t beam i n t e n s i t y öf 
normal incidence as w e l l . Together v i t h long year records of the 
sunshine duration and other meteorological q u a n t i t i e s , these data 
are important f o r engineering a p p l i c a t i o n s of solar energy. 

Data about v e r t i c a l and i n c l i n e d surface i r r a d i a t i o n are required 
för solar energy u t i l i z a t i o n and also conventional heating and a i r -
c o n d i t i o n i n g of b u i l d i n g s as w e l l as d a y l i g h t design. Measurements 
of these r a d i a t ion component s are sparse. The sta.ndard observat ions 
äre t h e r e f o r e used i n many cases för g e t t i n g such i n f o r m a t i o n adop-
t i n g s u i t a b l e conversion methöds (e.g, 2] ) . Such computations 
give appropriate average values over longer time periods. For clear 
sky conditions the angular d i s t r i b u t i o n of d i f f u s e r a d i a t i o n i s 
oft e n assumed to be i s o t r o p i c or some more r e f i n e d model (e.g.^3^) 
i s a p p l i e d , Approximations of t h i s kind are of l i m i t e d value and 
may lead to erroneous conclusions. Short term measurements w i t h 
t i l t e d pyranometers have been made at several places (see [ i t , 5, 6 J 
among others) but because of the i n f l u e n c e of many f a c t o r s a com-
prehensive g e n e r a l i z a t i o n of the r e s u l t s has proved d i f f i c u l t . 

I n Switzerland v e r t i c a l surface . i r r a d i a t i o n has been recorded 
since 1 960 at one St a t i o n to f u r n i s h engineers v i t h s u i t a b l e data. 
Using several years of these records e m p i r i c a l r u l e s could be found 
r e l a t i n g clear sky d i f f u s e r a d i a t i o n onto v e r t i e a l surfaces v i t h 
solar h e i g h t , ( w a l l - s o l a r - ) azimuth and atmospheric t u r b i d i t y [*7]. 
The r e s u l t s have been completed and applied t o b u i l d i n g problems 
[ 8 , 9, 10]. 

This and other f u r t h e r experience has suggested t h a t only a 
mobile equipment measuring the components of the short yave r a d i a t i o n 
f i e l d together v i t h the relevant atmospheric and environmental para­
meters would permit the c o l l e c t i o n of an adequate data base at s u i ­
t a b l e locätions under various c o n d i t i o n s . The r e s u l t s should y i e l d 
f u n c t i o n a l r e l a t i o n s h i p s between the instantaneous d i f f u s e r a d i a t i o n 
on a plane of a r b i t r a r y d i r e c t i o n on the one hand and parameters 
l i k e the sun's p o s i t i o n , a i r t u r b i d i t y , cloudiness and t e r r a i n 
p r o p e r t i e s on the other. Linked w i t h known s t a t i s t i c s concerning 
these parameters, a l l necessary r a d i a t i o n data should be ca l c u l a b l e 
over any i n t e g r a t i o n time.' , 
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The mobile measuring system 
The mobile measuring system was completed i n 197^. The equipment 

has been d e s c r i b e d elsewhere [ i l ] . The i n s t r u m e n t s were developed, 
c a l i b r a t e d , checked and i n s t a l l e d by the World R a d i a t i o n Centre at 
Davos. The photos ( F i g u r e 1) g i v e a f i r s t i m p r e s s i o n o f the system 
and t o g e t h e r w i t h the sk e t c h ( F i g u r e 2) a l s o a rough idea about 
i t s o perat i o n . 

a) Vehicule (6,3 x 2,3 x 2,6 m, 4 tons) lodging the complete equipment 

b) I n f e r i o r view showing the Computer PDP8/E (for steering the instruments and for primary data 

d) Fish-eye (180° aperture, linear d i s t o r t i o n ) camera for retaining State of sky and t e r r a i n 

This equipment measures the d i r e c t s o l a r r a d i a t i o n i n the t o t a l 
spectrum i n broad s p e c t r a l i n t e r v a l s and a l s o at d i s c r e t e wave-
l e n g t h s , thus g i v i n g d e t a i l e d i n f o r m a t i o n about atmospheric t u r b i d i t y . 
This a l l o w s a d i f f e r e n t i a t e d p a r a m e t e r i z a t i o n and i n t e r p r e t a t i o n o f 
the r a d i a t i o n f i e l d . The pyranometers S-]-S^, measuring g l o b a l r a ­
d i a t i o n on plane s u r f a c e s , proceed each 20 seconds i n t o another po­
s i t i o n ; t h e program o f the movement sequence may a r b i t r a r i l y be 
chosen. At p r e s e n t , they are d r i v e n t h r o u g h 77 p o s i t i o n s i n v o l v i n g 
d i f f e r e n t t i l t s (between 0° and 90° r e l a t i v e t o t h e h o r i z o n t a l ) and 
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FELD-GENERATOR 
NIKON̂ ISHEYE- BUSSOLEN KAMERA(tKr) THEOOM 

Figure 2 Sketch i l l u s t r a t i n g the operatiönal grouping of the instruments: 
- 6 pyranometers (S^-S^, Sg and Ŝ ) connected to the car v i t h 100 m cables 

(17 poles) and movable mounted on step motörs to orientate and t i l t them 
in any position 

- 1 absolute radiometer (RA) f i t t e d v i t h conventional Schott f i l t e r s (Quarz, 
0G1, RG2, RGß), 1 spectroradiometer (SPR) measuring at 12 different vave-
lengths; these tvo instruments together v i t h a further pyranometer (S^) 
are mounted on an automatic sun-tracker emergihg from the interior over 
the car's rpof 

- 1 circumsolar spectrophotometer (ZS) and 1 sky photometer (HS) are not yet 
ready for Operation 

- 1 theodolite is used i f orientation according to the sun is not possible 
due to overcast sky 

- 1 Nikon F2S camera v i t h a fish-eye objective controlled automatically 
- Other instruments besides these are foreseen. 

d i f f e r e n t d i r e c t i o n s i n about 6 minutes (see Figures 3 and ̂  l a t e r ) 
The ^ x 77 sin g l e measurements are u s u a l l y averaged i n one serie 
covering a time i n t e r v a l of about 26 minutes. Small aperture scanning 
devices, s t i l l under c o n s t r u c t i o n , v i l l provide amongst other i n f o r ­
mation, data about the i n t e n s i t y density d i s t r i b u t i o n over the sky 
hemisphere. The system v i l l c o l l e c t i n f o r m a t i o n from the vhole 
sphere of steradians. 
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F i r s t r e s u l t s 
Several expeditions i n 1975 and 1976 covering d i f f e r e n t l o c a t i o n s 

DAVOS 

B - 0.38O 

Figure 3 
The. dependence of the global (on the l e f t ) and simultäneous diffuse (on the 
right) radiation on plane surfaces on the surface's angular position for 
clear alpine air at Davos (above) and for a very turbid atmosphere at Zürich 
(belov). Schüepp's [12] turbidity coefficient B is 0,0̂ 5 and 0,360 re­
spectively. The diffuse radiation inAYima diffe r by about a ratio of 3, 
vhile those for the global fluxes (in opposite sense) by fev percents only. 
The sky is free of clouds i n both cases. Pattems are symmetrica! to the 
sun's ve r t i c a l , only the diffuse f i e l d pattem for Daves seems to be dis­
turbed by the effects of the surrounding mountains. Of course the li m i t s 
of instrumental accuracy also play their part in this case. 
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200 
^5, 

120 

Figure ^ Distribution^ of the diffuse ra­
diation presented l i k e Fig. 3 but for 

- (above) 6/10 cohesive stratocumulus covering 
the vestem half of the sky, the sun's sur­
rounding being free of clouds but hazy. The 
patterns s t i l l shov maximum för surface 
facing the sun. 

- (centre) 9/10 stratocumulus of bright 
luminous appearance covering also the sun and 
i t s surrounding. The intensity curves are not 
nov centered around the sun but are shifted 
tovards the zenith. 

- (belov) all-enveloping fog shoving good 
zenithal symmetry of the pattem. Absolute 
values and also intensity gradient are much 
reduced vheh compared v i t h the tvo examples 
above (attention: different gradations). 

18° B-0.140-0.1S0 

63 

38 

23 

Azimuth a° 

Figure 5 Variations of the diffuse i r r a ­
diation on a surface inclined ät 18° to the 
horizontal for a hazy atmosphere v i t h the 
orientation of the surface for various angular 
heights of the sun. 
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s i t u a t e d up t o 1700 m a . s . l . produced 400 series of measurements. 
In the f o l l o v i n g paragraphs t y p i c a l examples are discussed f i r s t ; 
the f u n c t i o n a l r e i a t i o n s h i p s presented t h e r e a f t e r are only pre­
l i m i n a r y . They may need refinement vhen more m a t e r i a l i s a v a i l a b l e . 

Figures 3 and 4 show. polar diagrams, each representing quasi -
instantaneous angular d i s t r i b u t i o n s of the r a d i a t i o n i n t e n s i t y r e ­
ceived by plane surfaces. The i n t e n s i t y value received by each 
(pyranometer-) surface i s entered at the point vhere the surface's 
normal meets the sky dorne. The coordihate g r i d i n d i c a t e s the t i l t 
angles of the pyranometers by the c i r c l e s dravn f o r 90 ( v e r t i c a l 
surface, border c i r c l e ) , 75, 60, 39 and 18 degrees and by the c e n t r a l 

' point f o r 0° ( h o r i z o n t a l surface) r e s p e c t i v e l y . The azimuthal scale 
measures the o r i e n t a t i o n . The sun's p o s i t i o n i s marked by -3& i n each 
f i e l d . The curves of equal i n t e n s i t i e s vere f i t t e d by eye to the 
p l o t t e d values; a t t e n t i o n should be paid t o the d i f f e r e n t gradations. 
The patterns shov good congruency v i t h the simultäneous fish-eye 
Photographie images vhich are not included i n t h i s paper. 

Using the n o t a t i o n 
D : d i f f u s e r a d i a t i o n i n t e n s i t y 

on plane surface 
h : solar height 
a : azimuth betveen sun's d i r e c ­

t i o n and the normal t o the 
surfac e 

J : i n c l i n a t i o n of i r r a d i a t e d sur­
face t o the h o r i z o n t a l plane 

B : atmospheric t u r b i d i t y c o e f f i c i e n t 
Figures 5, 6 and 7 present d i f f e r e n t three 
v a r i a t e sections of the f i v e - v a r i a t e r e ­
l a t i o n s h i p B = f ( h , a, 3, B) v a l i d f o r 
cloüdfree sky co n d i t i o n s . The measure­
ments used vere taken at tvo places 
(r o o f of the Meteor. I n s t i t u t e i n Zürich 
and open f i e l d i n Payerne) located at 
about 500 m a . s . l . both v i t h f a i r l y f r ee 
horizon. The e f f e c t of albedo (estimated 
values: 0,15 - 0,25) has: not been i n -
v e s t i g a t e d i n the present studies. 

Azimuth a° 
Figure 6 
Diffuse irradiation of a surface of nearly optimal t i l t for maximum incident 
energy (h + \? ̂  90° facing the sun, a = 0°) for different surface orientations 
for various air turbidities. The effect of haze is considerabie: diffuse ra­
diation may increase by a factor > 4 v i t h change of turbidity though the 
angular conditions remain the same. 

h" 18-22° J = 75° 

B-0 360 

B - 0:150 
039 
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Figure 7 
Diffuse radiation as a function of orien­
tation and inclination of the irradiated 
surface presented for very clean air 
(B = 0,047) and for successively augmen-
ting turbidities (B = 0,100; 0,185 and 
0,270). The solar height is throughout 
constant (h = 35°). Ground reflections 
are included. The albedo was estimated 
to l i e betveen 0.15 and 0.25. 

The r e s u l t s f o r cloudle'ss skies 
cover the i n t e r v a l s up t o h = 65° 
and 0,030 ^ B ^ 0,360 r e s p e c t i v e l y 
but, due t o lack of space, Figure 7 
presents the (D, a, ) i n t e r s e c t i o n s 
only at h = 35° vhich remains con­
stant f o r a sequence of g r a d u a l l y 
increasing B-values. I t can be seen 
t h a t the slope of the surface r e -
c e i v i n g the greatest d i f f u s e solar 
r a d i a t i o n v a r i e s v i t h t u r b i d i t y . For 
clear c o n d i t i o n s , a v e r t i c a l surface 
receives most d i f f u s e r a d i a t i o n from 
sky and ground. When B = 0,185, a 
75° slope receives most d i f f u s e r a ­
d i a t i o n vhen f a c i n g the sun and l e a s t 
vhen f a c i n g avay from the sun. The ' 
d i f f u s e r a d i a t i o n on a v e r t i c a l slope 
f a l l s r e l a t i v e t o the other slopes 
vhen B i s high the h o r i z o n t a l d i f f u s e 
r a d i a t i o n increases v i t h increasing 
B. The changing hierarchy of t i l t 
angles v i t h respect t o maximum 
d i f f u s e i r r a d i a t i o n may e a s i l y be 
explained as f u n c t i o n of the other 
parameters i f traced back t o the 
causal e f f e c t s formulated e a r l i e r 
[7. 13]. 

3 * * : 
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