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SYNOPSIS. 

The report summarizes sky-brightness and daylightrillumination 
measurements made during the year ending April 6, 1953. For 10 
months the measurementa were made in a suburh of Washington that is 
comparatively free from a t y  smoke. During the other 3 months, one 
in summer and one in winter, the measurements were made i n  the 
smoky atmosphere of the city of Chicago. 

The measurements were made as nearly as poesible with the sun at 
altitudes above the horizon of Oo, 30'. 10°, 60°, and 70'. From the ~ k y -  
brightness measurements the resultin illumination on vertical surfaces 
differently oriented with respect to t i e  sun, and on surfaces slopiny at 
different angles and in different directions. has been computed. These 
computed values have been utilized. 'in connection with daylight- 
illumination measurements, to construct charta showing for latitude 42' 
north, illumination intensities for each hour of each day of the year as 
follows: 

(1) On a vertical and on a horizontal surface, from a cloudy sky. 
(3) On a horizontal Rurface and on vertical surfaces facing the eight 

principal pointa of the compass. from a clear sky. 
(3) On a horizontal surface and on vertical surfaces facing the eight 

principal pointa of the compass, from the sun and clear sky cornhined. 
The illumination on sloping surfaces from skylight and from solar and 

skylight combined has been summarized in tables. 
The application of these data to the lighting of working space in a 

building through saw-tooth roof construction is shown. It is pointed 
out that with a clear sky the larger proportion of the illumination should 
result from the reflection of light from the outaide roof surface through 
the window opening, rather than by the direct transmission of skylight 
thro h the window. 
W% a cloudy sky the illumination on a horizontal surface is con- 

siderably more than twice that on a vertical surface, due to the fact that 
the re 'on of maximum brightness is in or near the zenith. 

Witthigh sun, as at nudday in summer. the illumination from a 
cloudy sky averages her than the illumination from a clear sky. 
except on a vertical s 2Lc e facing the sun. This is not the case with 
low sun. 

The maximum illumination from a clear sky on vertical surfaces is a 
little in excess of 1.400 foot-candles. and occurs on surfaces facing the 
sun from early June to early September, between the hours of 8:30 a. m. 
and 3:30 p. rn. 

The mnimum illumination from skylight is on a vertical surface 
facing away from the sun. At  Chicago in the smoky Loop District the 
illumination from a cloudless sky on such a surface averages allout 3/3 
the illumination at Washin ton on a similar surface from a clear sky. 

The total (solar+sky) ilfumination nerally increases on svfaces 
slo ing toward the south until the ang of slo e reaches 30°, except 
wi% low sun' during the summer months. '&e maximum is about 
11,OOO foot-candles at noon in midsummer. 

A t  Washington the illumination from a clear sky on both horizontal 
and vertical surfaces varies between 150 and 80 per cent of the average 
values; from a cloudy sky, between 200 and 30 er cent; from a sky 
partly covered with white clouds, on a horizontafsurface three to four 
times, and on a vertical surface two to three times that from a clear sky; 
with rain Mling, about half that from a cloudy sky. 

SKY BRIQHTNESS AND DAYLIQHT ILIaUYIKATION 
MEASUREMENTS.  

I n  B report of this commit,tee a presented at  the Roches- 
ter meeting in September, 1921, the program of sky- 
brightness measurements was outlined, and some pre- 

1 Report 01 the committee on sky br tness 01 the lllnminath~ Enginesri Society 
R. H. KimbeU chairman. Pmnta% the annual convention, Swampsc%, Mass.: 
September a8 1b: later remsed and extended. 
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liminarv results were given. The program of a full ear 
of sky-brightness measurements was completed on d priI 
6, 1933. During four weeks ending with August 13, 
1991, and a second four weeks ending with February 2, 
1933, the incasusenieiits wera. macle in the city of Chicago. 
During the remaincler of the year they were made in a 
suburb of the cit,y of Washington that is practically free 
from city smoke. 

As was ssplainad in the previous report, a t  Washington 
t,he photonieter was mounted on a stbnd inside a small 
shelter that was aint.ed whitme on the outside and flat 
black on t,he ins&. The upper edge of the sides of the 
home is on a level with the center of the elbow tube of 
the photometer when the latter is horizontal. This ex- 
posure permits measurements of the illumination from 
skylight on both horizontal and vertical surfaces. With 
a dear  sky, however, illumination measurements on ver- 

FIGURE l.-Sky brightnfss in millilamherts. Suo's position indlmted by X. Wash. 
ington, 9. C., cloudless sky, growid rovered with snow. 

tical surfaces have been confined to surfaces facing in 
azimuth Oo and 45' from the sun, as at greater azimuths 
the blackened inside walls of the shelter reflect too much 

measurements con- 
eac.h of the pointa 
above the horizon, 

and on azimuth circles Oo, 15O, goo, 135O, and 180' from 
the sun, covering half the sky only. Unless the sky is 
cloudy the point that falls nearest the sun on azimuth 
circle 0' is usually too bright to measure with the screens 

616 



616 MONTHLY WEATHER REVIEW. DECEMBER, 1982 

Solar altitude. 

Chusky ...................................... 
Thinclouda ................................... 
Partl doudysky .............................. 
Clou&&y .................................... 
R8hor.cmow ........................................ 

Total .................................... 

at our disposal. Tliere are therefore 102 
readings in each series. In addition, with a 
iiitcnsity of the total illumination from the 
is measured on a horizontal surface, and on a surface 
normal to the direct solar rays, and the illumination from 
skylight alone is measured on these two surfaces and also 
on vertical surfaces facin 0' and 45' in azimuth froni the 

on a horizontal surface, and on vert,ical surfaces facing 
Oo, 4 5 O ,  go', and 180' in azimuth from the sun. 
There are thcrefore IS photometric readings (six sets of 
three readinas each) in each series of illuniination meas- 
urements. ft is usual1 a matter of chance whetlier the 

of the sun. Unless there is inequality in the cloud or 
haze distribut,ion, or in the character of the eart.11'~ sur- 
face on the two sides of the sun's vertical, the sky bright- 
ness on the two sides should be synimetricd. 

TABLE l.-Nwmbcr of r p r k  of sky-briglitiipss i i@fls~~rfi t t fnts .  

sun.' If tlie sky is clou 8 y tlie illuniination'is measured 

readings are on aziniut r 1 circles to the right or to t,he left 

WASHINGTON, D. C. 

00 I W 40' W 70° Total. 
------ 

9 82 122 23 11 227 
2 34 36 16 ...... 88 
1 21 57 24 17 120 
6 30 26 21 4 67 

3 6 8 ...... 17 

18 ! 150 247 92 32 539 
------ 

- 
9.61 
4.76 
2.76 
3.43 
4.20 

.._._ 
5.54 
2.80 
2.34 
2.55 

6.81 
3.45 
1.88 
1.33 
1.44 

CHICAGO, ILL., FEDERAL BUILDING. 

-- 
4 . B  
2.83 
2.08 
2.41 
2.74 

9.78 
3.76 
1.69 
1.42 
1.42 

9.44 
2.77 
1.12 
0.82 
0.81 

~~~ ~ 

Solar altitude. 

Clearsky ...................................... 
Thinclouds .......................................... 

- 

Partl cioudysky ............................. 
ysky .................................... ClOK 

Total .................................... 

UNIVERSITY OF CHICAGO. 

Solar altitude. 10 1 2 0 0 ( 2 9 0 1 4 0 ° 1 W I T o t a l .  

OD 200 2 6 O  40O 6O0 Total. 

6 13 3 8 3 33 
8 5 2 6 21 

6 9 ...... 7 9 30 
4 6 3  1 1  15 

15 36 11 18 19 99 

- -- - -- - 

------ 

...... 
5.90 
2.81 
1.88 
2.13 

6.19 
3.13 
1.41 
1.13 
1.11 

1.74 
1.53 
0.88 
0.81 
0.64 

1.29 
0.90 
0.65 
0.42 
0.39 

"he attempt is made to obtain complete series of sky- 
brightness and illumination measurements when the Eun 
is Oo, 20°, 40°, 60°, and 70' above the horizon. On 
account of the length of the day the readings at 0' and 
20' solar altitude are enerally omitted in midsummer, 

excess of 40°. In fact, at the Federal Building, Chicago, 
in January, the average altitude of the sun at the time 
of makin the noon readin was 26', and at the Univer- 

it was 29'. When rain was fallimg, onl .  sk 
brig tness measurements up to an altitude of 60 cou d 
be made by pointing the photometer out of a window. 

and in winter the sun i f  oes not reach an altitude much in 

sits of C f icago, at the en % of January and earlyinFeb- 

5" 

10.85 
3.91 
1.78 
1.23 
1.19 

a43 
2.69 
1.13 
0.74 
0.68 

1.M 
1.30 
0.72 
0.47 
0.47 

1.13 
0.88 
0.58 
0.37 
0.31 

Table 1 gives the number of series of sky-b ' htness 
measurements obtained at Washington and ?hie o 
with the sun at the altitudes indicated and with Y t e 
different types of sky. In all there are about 55,000 
photometric readin s of sky brightness and 9,000 photo- 

and 19,000 and 2,200, respectively, at Jhicago. 
In Tables 2 and 3 are summarized the sk brightness 

measurements made at Washington and &&ago, FB- 
B ectively, during summer and winter months with a 

20' above t,he horizon and the sky covered with clouds. 
It will be noted froni Table 1 that at Chicago most of the 
sky-brightness measurements with a cloudy sky were 
obtained when the sun was at an altitude of 30'. 

TABLE J.-Aaeruga qf sky-brightness memttrcnuuts ex ressed in terms 

metric readings of 9 1 lumination intensit at Washmgton 

c. F oudless sky, and during winter months with the sun 

of m d h  briglitwss. IVmhiii.gto)i, D. C! 

2.34. 
1.94 
1.07 
0.72 
0.74 

2.75 
1.88 
0.99 
0.62 
0.53 

1.67 
0.88 
0.58 
0.54 

3.30 
1.33 
0.62 
0.44 
0.41 

...... 

Solar altitude. 

0'. ...................... 

me.. ..................... 

400 ....................... 

1.40 l.W BM) 
1.31 
1.14 
0.82 
0.76 

1.58 1.00 B(w 
1.42 
1.04 
0.74 
0.88 

1.65 1.00 1,850 
1.41 
0.99 
0.75 
0.72 

...... 1.00 
1.53 
0.89 
0.88 
0.81 

20.. ...................... 

40.. ...................... 

00'. ...................... 

70'. ...................... 

clearsky ...................................... 
Thin clouds.. ....................................... ............................. .................................... 

Total .................................... 

me.. ..................... 

2 35 

6 4 ...... 
2 7 13 l !  1 -- --- 

Point in sky where brightuess was measured. 

Altitude. 

0 0.39 0.59 
45 0.40 0.55 
90 0.31 0.56 

135 0.31 0.49 
180 0.32 0.54 

CLEAR SKY, WINTER. 

0.80 0.93 1.03 1.04 1.00 989 
0.67 0.84 0.97 0.97 
0.88 0.81 0.90 0.82 Max=2,211 
0.88 0.80'0.86 0.94 
0.67 0.83 ! 0.94 0.98 Min.=245 

I ' 

- 

0 
45 
90 

135 
180 

0 
45 

;: 
0 

45 
90 

135 
180 
- 

- 
0 

45 
90 

135 
180 

0 
45 
90 

135 
180 

0 
45 
90 

135 

0 
45 
90 

135 
180 

im 

- 

- 
2.66 
4. M 
2.43 
2.99 
3.83 

9.52 
8.91 
3.95 
3.92 
4.38 

8.29 
4.58 
2.62 
2.51 
a. 76 
- 

- 
!l. 10 
7.72 
3.42 
2.48 
2.85 

7.35 
4.15 
2.13 
1.74 
1.83 

2. os 
1.74 
1.16 
0.95 
1.00 

1.45 
1.25 
0.77 
0.62 
0.58 
- 

- 
2.40 
1.98 
1.47 
1.58 
1.77 

0.99 

- 
1.44 
1.36 

1.17 
1.25 

1. 20 

- 
1.15 
1.15 
1.10 
1.03 
1.08 

1.42 
1.27 
1.08 
0.88 
0.79 

1.53 
1.36 
0.95 
0.75 
0. 69 

CLEAR SKY, SUMMER. 
- 
4.06 
2.74 
1.35 
0.83 
0.85 

2.45 
0.97 
0.60 
0.54 

2.61 
1.53 
0.74 
0.50 
0.50 

1.00 
1.07 
0.54 
0.38 
0.31 

.... 

- 

- 
1.00 

1. W 

1.00 

- 
27.1 

281 

544 

CLOUDY SKY, WINTER. 
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TABLE 3.-Awmge 

~. 

0 
4.5 
BO 

135 
180 

0 
45 
90 

135 
180 

0 
45 
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. 
9.80 
3.04 
1.03 
1.31 
0.80 

1.80 
0.85 
0.80 
0.85 
1.11 

16.38 
6.38 

Referring again to F i p e  1, the irregularly curved 
lines are lines of equal brightness that have been drawn 
to represent the bnghtness of the sky a t  Washington on 
the morning of February 17, 1922, with the sun at an 
altitude of 20°, and the ground covered with newly fallen 
crusted snow. The figures on theleft above the sun repre- 
sent the brightness of the sky with reference to the 
zenith brightness; the figures on the right amd at the 
bottom of the figure, the brightness of the sky in millilm- 
bert,s. The sky 90' from the sun and in his vertical was 
a deep blue and unusually dark. Near the horizon it 
was unusually bright 011 account of the reflection of li ht 

beyond 90' in azimuth from the sun. 
to the atmosphere froin the snow surface, and especirt 9 ly 

3.67 

1.79 
1.84 
3.34 

4.00 
2.04 
1.27 
1.00 
1.85 

9 1 8  
3:59 
1.59 
1.25 

2.14 

sly-bright i im nieasitmne~i.ts expre~scri in tanis 
emlh brightness. Cliu~nqo, Ill. 
- - .. __ .- .. . .- .. . .. __ - 

Point in sky where brightness was measured. 
Zenith 

I bright- 

2.03: 1.38 
1.50 i 1.13 
1.46 ~ 1.29 
1.47 1.18 
1.64 1.22 

1.21 1.48 
1.54 1.36 
1.24 1.03 
1.43 1.05 
1.68 , 1.2; 

2:58 I 1:93 
1.30 1.40 
0.98 0.95 

4 2 5 ' 2 2 1  

.- 

Place. 

9.86 
3.37 
1.70 
1.01 
1.08 

9 
... . 

3019 
alti 
.udt 

.- .. 

0' 

0' 

20' 

20' 

29' 

28' 

mi 

au' 

80 

w 

200 

rloo 

400 

600 

600 

4.37 
2.59 
1.35 
0.75 
0.79 

1.00 

1.00 

8 3  

511 

.._.. 
3.50 
1.49 

1.05 

2.14 
4.02 
1.39 
0.73 

1.01 

0.70 

3.72 2.61 
2.59 1.92 
1.07 1.02 

0.83 0.77 

4.96 2.44 
2.85 2.04 
0.93 0.79 
0.73 0.73 

as2 0.71 

atis 0.83 

0.53 0.86 1.06 

0.41 0.63 0.86 
a 4 7  0.73 0.88 

0.42 atis 0.71 
0.37 0.58 0.73 

0.56 0.53 1.02 

1.07 1.08 

0.91 0.97 
0.96 0.99 

0.88 0.88 
0.84 a s 1  

1.23 1.30 

0 
45 
90 

135 
180 

0 
45 
90 

135 
180 

0.29 
0.30 
0.29 
0.30 
0.25 

0.38 
0.33 
a42 
0.34 
0.33 

Altitude. 

15' I 30' I 4.5' I 60" I 75' 

_ _  Ad- 

' I ' _ _  
CLEAR SKY, WINTER. 

- 
1. 08 
0.87 
1.07 
0.78 
0.96 

1.13 
1.10 
0.99 
1.08 
1.09 

1.22 
1.33 
1.05 
0.85 
0.77 

1.55 
1.16 
1.00 
0.72 
0. sa 
1.37 
1.32 
1. w 
0.78 
0.71 

1.48 
0.94 
1.00 
0.89 
0.75 
- 

University.. . . . . . . 

Federal Building. 

University.. . . . . . . 

Federal Bollding. 

University.. . . . . . . 

Federal Building. 

8. M 
4.06 
2.36 
a. 46 
a. 84 

4.41 
2.11 
1.29 
1.86 
2.12 

5.00 
2 . B  
1.50 
1.75 

4.87 
1.93 
1.27 
1.G 

c 11 
1.96 
1. e5 
1.78 

5.73 
4.13 
1.20 
0.72 

.... 

.... 

am 

as0 
_- 
CL 

2.34 
1.96 
1.31 
0.68 
0.72 

FIGURE 2.--Pky bri htness In millilamberts. Sun's posltion Indicated by X. Fedenrl 
Bulhng, Chicago, IU., cloudless sky mdth dense smoke. 

Figure 2 shows the brightness of the sk as measured 
from the top of the dome on the Federd B J . ding, Chicago, 
Ill., on the morning of January 16, 1922, with no clouds 
in the sky, but heav smoke in the lower atmosphere. 

with snow, as was the case at  Washington on February 17, 
but the snow was not clean. Compared with Figure 1, 

oint of minimum that 
azimuth 90' from the 

The sun was at  altitu B e Z O O ,  and the ground was covered 

UDP SKY, WINTER 

University.. . . . . . . 

Federal Building. 

- 
2.37 
1.83 
1.07 
0.96 
0.91 

5.07 
2.62 
1.25 
0.73 

6.19 
3.27 
1.08 
0.73 
0.54 

2.57 
1.09 

a48 

2.69 

0.41 

2.44 
1.35 
0.82 
a52 

3.24 
1.54 
a58 
0.38 

a 71 

.... 

a 73 

.... 

EG' 

am 

..... 
- 

- 
8 1  

526 

419 

810 

sa, 

19m 

1360 

- 

- 
0 

45 

135 
180 

0 
45 
90 

135 
180 

0 
45 
90 

135 
190 

0 
45 
90 

135 
1&, 

0 
4fI 
90 

135 
180 

0 
45 
90 

135 
180 

0 
45 
90 

1% 
190 

m 

- 

- 
12 29 
5.16 
3.43 
2 62 
2 73 

14.35 
5.91 
2.77 
1 . w  
1.58 

15.08 
4.76 
1.65 
1.50 
1 . 3  

6.29 

1.68 
1.73 
1.26 

4.50 
1.51 
1.16 

a 9 7  

1.7s 
1.32 
a& 
0. so 
0.65 

1.63 
1.38 

a. 72 

a 67 

am am 
1. m 
- 

- 
1.18 
1.17 
0.95 
0.72 
0.79 

2.71 
1. u 
1.09 
a6a 
0.64 

2.79 
1.97 
0.91 
0.71 
0.55 

2.60 
2 . 1  
0.96 

0.50 

3.23 
2.17 
0.9s 
0.49 

a 72 

a 47 

.._. 
1.52 
ass 
0.63 
am 

i:% a 72 
a63 
a43 
- 

- 
1.10 
0.90 
0.76 
atu 
asc 
1.62 
1.32 
1. M 
0.72 

220 
1.37 

0.59 

1.6s 
1.49 

0.83 
0.62 

1.76 
1.37 

0.68 

1.67 
1.30 
0. SR 

0.66 

1.83 
1.40 
1.09 

a 70 

awr 
aso 

a s  

.... 
o. 70 

asa 

._.. 
am 
- 

-- 

LO[ 

1. MI 

1.00 

1. 00 

1. w 

1. 00 

1.00 

-- 

- 
..... 
5. m 
2.37 
2. 1s 
2. G-3 

5.04 
2.26 
1.00 
1. 7s 

13.73 
4.81 
1.50 
1.51 
1.13 

5.67 
3.07 
1.41 
1.05 
a 97 

5.58 
3.08 
1.19 

0.78 

1. Ks 
1.23 
0.72 
0.69 

1.89 
1.38 

..... 

a 57 

a 55 

a 67 
a69 
0.83 

5.64 
2.65 
1.35 
1.36 
1.64 

11.41 
3. Lw 
1.61 
1. 04 
1. 04 

13. W 
4.54 
1.32 
0.91 
0. 76 

7. R 
2 70 
1.15 

0.61 

6.35 
3.35 
0.99 
0.49 
0.51 

2.00 
1.25 
0.64 

a45 
a 19 
1.11 

0.58 

a 77 

a 52 

a 61 

am 
- 

University.. . . . . . . 

Do. . . . . . . . . . . 

Federal Building., 

Uni\.erslty.. . . . . . . . 

Federal Building.. 

univfdty.. . . . . . . . 

Federal Building.. 

FIGURE 3.-Sky brightness in millilamberts. Sun's position Indicated by X. Wash- 
ington, D. C., sky covered with dense ham. 

Figure 3 represents the sky bri htness at  Washington 

dense haze, but without clouds, and the sun 40' above 
the horizon. The s is much brQhter than a clear blue 

on the morning of July 5,1921, wit 5 the sky covered with 

sky, except near the B orhon opposite the sun. 
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Solar 
crltltude. 

Figure 4 represents the mean of all the sky-brightness 
measuremen'ta a t  Washington with the sun 40' above the 
horizon, and the clouds so dense that neither blue sky 
nor the s u q  could be seen. The brightest point is near 
the zenith, and there is little variation in brightness with 
azimuth. The zenith and in general the sk opposite the 
sun is brighter when covered with clou c9 s than when 
clear, but near the horizon and in the vicinity of the sun 
the clear sky is much the brighter. Thin clouds, and 
clouds that partly cover the sky, increase its brightness 
much the same as does haze. 

- 

On vertical surfam. 

On 
hod- 

sontal azimuth. Ze,pith 
SurlaCe. Mean. bnght- 

Admuth betmen normal to surface and sun's 

0 .  I 45' I 70' I Bo" 1 135' 1 180' 
ness. 

FI33t-CaIldles. 1 MI. 

LO 

0. ........ 
20.2. ...... 
U.O....... 
01.4- ...... 
71.4' ...... 

Blows 4.--91ry 

15.2 5.6 5.8 ........ 6.4 6.7 7.1 6.3 15,s 
726 298 280 ........ 273 273 273 279 989 

1 150 881 941 ........ Q77 932 929 932 3,600 
1.605 614 608 ........ 615 6P 606 613 2,000 

1:050 1,142 1,103 ........ 1,118 1,122 1,203 1,138 4,640 

brightness in millilambert.s. Sun's 
ington, D. C., sky covered with 

osition indicated B 8188 clouds. 
by I. Wash- 

ILLUMINATION FROM SKYLIQHT ON HORIZONTAL A N D  
VERTICAL SURFACES. 

During the past year the energies of the committee, aside 
from the observational work, have been directed princi- 
pally to computing from the clear-sky-brightness measure- 
ments, as summarized in Tables 2 and 3, the resulting il- 
lumination on verticalsurfaces facing in azimuth 70°, goo, 
136', and 180' from the sun. The rocess is a sim le one. 

xiones of equal angular width about a point on the horizon 
90' in azimuth from the illuminated surface, and the hori- 
zontal component of the illumination from each zone is 
determined. The sum of the illumination from all the 
zones gives the total skylight illumination on the vertical 
surface. 

As explained in the 1921 report,8 t \ e sky is divi cp ed into 

TABLE 4.-Illumi7~4tion from skylight, Washington, D. C. 

I CLOUDY SKY, 

I I I I I I I I 

CLEAR SKY, SUMMER. 

........ ...... 
80. ........ 
100. ....... ........ 

CLEAR SKY, WINTER. 
I I I I I I I 

I I I I I I I 

9 Trans. Illum. Enrg. Soc., vol. 16: 287; Mo. WEAHEB BEY., Bept., 1921,49: 486. 

THER REVIEW. DEDE-, lS&& 

Table 4 summarizes the results of these computations 
from Washington measurements, and also the illumina- 
tion measurements, for both clear and cloudy skies. 
The cloudy-sky measurements have been c o h e d  to 
skies with so dense a cloud layer that the position of the 
sun could not be seen. No seasonal variation in the 
illumination intensity is apparent. With clear skies the 
computations have been made for both midsummer 
(June to August) and midwinter (December to February) 
conditions. 

These data have been plotted on Figure 5 (summer 
conditions) and Fi re 6 (winter conditions) with the 
solar altitude as a f? scissas and illumination intensitiea 
as ordinates. By interpolating between the curves it 

ossible to determine the illumination intensity for 
bot is 7l summer and winter conditions on a vertical surface 
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l l C 0  

1000 
3 2 900 
9 800 
5 700 
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FIGURE ~ 5 . 4  :mes  of summer skylight illumination intensltj on diewent surdlwr. 
Curve I. Clesr sky. Vertical surfam f w g  0 in azimuth Irom nun. 
Curve 11. Clear sky. Vertical surface hung 45O in azlmuth h nun. 
Curve 111. Clear sky. Vertical surface facing 70" in admuth fmm am. 
Curve IV. Clear sky. Vertical surface r a n g  800 in azimuth from nun. 
Curve V. Clear sky. Vertical surlace lircing lao in azimuth from ~111. 
Curve VI Clear s Vertical surface facing lsOo in acimuth from ius? 
Curve ViI. Clearsy .  Horizontal surface. 
Curve VIII. Cloudy sky. Horizontal surface. (Note: Double the 

intensity scale.) 
Curve IX. Cloudy sky.  Vertical sariace. 

facing at  any desired azimuth from the sun, and with the 
sun at any desired altitude. For s ring and fall months 
a straight-line interpolation has % een made 'beween 
winter and summer values. 

Measurements with the sun on the horizon were msde 
durin the winter months orily, and these meeaurements 

altitudes 20' and 40' it  w i l l  be noted that the zenith 
brightness in winter is approximately 70 per cent of the 
corresponding brightness m summer. The percentage of 
winter to summer illumination is somewhat greater than 
this, since the brightness of the s k y  pear the horizon in 
terms of the zenith brightness is greater in winter than 
in summer. 

In the MONTHLT WEATHEB REVIEW for November, 
1919, 47: 770-771, are ven the altitude and azimuth 
of the sun for the 21st f ay of each month and for even- 
hour angles of the sun from the meridian, for latitudes 
30°, 36', 42', and 48' north. Using the azimuths and 
altitudes for latitude 42O N., in connection with the 

have P% een used for summer as well. With the sun at 
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illumination intensity curves of Fi ures 5 and 6, Figures 
7 to 18 have been drawn. Latitu % e 42' N. was selected 
because many important industrial districts are near this 

SOLAR ALTITUDE 
100 

a'vxmIC B.--cUrVea of winter skylight illumination intensity on different surfaces. 
Curve I. Clear sky. Vertical surface fa-ing Oo in azimuth from s u n  
Curve 11. Clear sky. Vertical surface facl!ig 4 5 O  iu az!muth from sun. 
Curve III. Clear sky. Vertical surface faring 70° in azlmuth from sun. 
Curve IV. Clear sky. Vertical surface fwiiig 90a in azimuth from sun. 
Curve V. Clear shi. Vertical surface facing 135O in azimuth from sun. 
Curve VI Clear sk Vertical surface faclng 180° in azimuth from sun. 
Curve ~. Clear s&. Horizontal surface.. 

latitude, and also because measurements made at  Wash- 
in5ton, latitude 38' 56' N., and Chicago, Ill., latitude 
41 53' N., represent fairly well the sk brightness at  
this latitude east of the Mississippi giver. Farther 
west the clear sky is generally a deeper blue and not so 
bright. Probably clear skies average brighter in low 

S. S.E. A.M. E AM. N.E. A.M. N, N.W. A.M. W. A.M. S.W. AM. s 

I - __- 
Fmmu ?.-Variations4n skyyli ht illumination on vertical surfaces differently oriented 

at latitude 420 nor& on July 21. Cloudless sky. Foot-candles. 

the zenith sky brightness with the sun at altitudes aver 
aging 22.S0, 42.0°, and 53', 390, 780, and 1,150 milli- 
lamberts, respectively; while measurements made by. 
him from a ship off Long Island, N. Y., in October, 1917, 
give for the sky brightness with solar altitudes averaging 
20.So, and 41.2', 296 and 495 millilamberts, respectively. 
The latter are somewbat lower readings than. those 
obtained at  Washin ton in winter with similar solar 
altitudes, while the k e y  West measurements are con- 
siderably higher. 

Figure 7 shows the variations with the hour of the 
day in skyli h t  illumination on vertical surfaces, such aa 
the walls o B buildings, differently oriented, on July 21, 
at latitude 4 2 O  N. with a clear sk . The maximum 

sun. It faces about east-northeast at  sunrise, east at 
about 7:30 a. m., south a t  noon, west at about 4:30 p. m., 
and about west-northwest at sunset. The &mum 
illumination is on a vertical surface facing 180' in azi- 
muth from the sun, or about west-southwest at sunris0, 

illumination is, of course, on a vertica 9 surface facing the 

FIGURE 8.-Illumination from a cloudy sky on a vertical surface at latitude 420 north. 
Yoot-candles. 

west at about 7:30 a. m., north at  noon, east at  about 
4:30 p. m., and about east-southeast at sunset. Taking 
into consideration the hours between 7 a. m. and 5 p. m., 
which cover the usual working day, in the morning 
vertical surfaces facing northwest are most unfavorably 
oriented for illumination from a clear sky, and in the 
afternoon vertical surfaces facing northeast. On the 
other hand, surfaces facing northwest are favorably 
oriented for skylight illumination in the afternoon, and 
those facin northeast, in the morning. 

From Ta 'b le 4 and Figures 8, 9, and 10 we derive the 
followin : 

(1) &th a cloudy sky the illumination on a vertical 
surface is practically independent of the orientation of 

- 

that surface. 
(2) With a cloudy sky the illumination on a horizontal 

surface is considerabl more than twice that on a ver- 

bri htness of a cloudy sky is in or near the zenith. 8) With high sun, as at  midday in summer, the il- 
lumination from a cloudy sky exceeds that from a clear 
sky except on vertical surfaces facing the sun. This ia 
not true with low sun, however. 

The eight fi ures, 11 to 18, indusive, give the illumi- 

tical surface, due to t z e fact that the point of maximum 

nation from c f ear skies on vertical surfaces oriented aa 
than in high latitudes, especiaU7 in winter. This con- 
clusion is supported by Littles measurements made 

indicated. Were it not for the fact that clear skies in 
July, August, Se tember, October, and November, are 

near Key West, Fla., in February, 1918, which give for on the average w L 'ter and therefore brighter than clear 
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FIGURE 9.-Illumination from a cloud sky on a horizontal surfaee at latitude Eo north. 
Jootqandes. 
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I'IGURE I?.--Illuminatioii Irom a rloudlrss sky on a vertical surfaee facing northeast, 
8. m., or north:vest, p. N., at latitude 4?0 north. Footsandles. , 
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Flnws ll.-IUumlnation horn a cloudless s on a vertical surfaee facing north at PK+VRE ll.-Illumlnation from a cloudless sky on a vextical surEaee facing aoutheaii, 
latitude 4Zo north. %ot-c8ndlea. a. m., or southwet, p. m., at latitude 420 north. Foot-eandles. 

I I I I I I I I 1 L- 

FIGURE lO.-Illumlnation from a cloudless sky on a horizontal surfare at latitude 42' 
north. Foot-eandles. FIGURE 13.-Illumination from a cloudless sky on a vertkal surfare facing east. a. m.. 

or west.. p. m., at latitude 4 2 O  north. Foot-eaudles. 
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skies in M a t  April, March, ,February, and January, re- 

be nearly symmetrical on each side of a vertical line 
representing June 2 1. 

Table 5 gives a summ of coniptwisons between Wash- 

horizontal surface, and on a vertical surface facing 180’ 
froni the sun, under winter conditions. 

spectively, t e lines of equal illumination intensity would ington and Chicago Y il umination measurements on a 

... I 

FIQURE 15.-Illurninatlon from a cloudless skv on a vertical snrface faring south at lati- 
tude 4.P north. E’oot-candles. 

These fi ures? like Fi ure 7, show the low intensity of 

the after- 
clear-sky 5 1 lumination %uring the morning hours on a 

noon hours on a vertical surface facing nort E east. The 
vertical surface facing northwest and durin 

on a vertical surface facing 
day in summer but poor in 

F m m  16.-IllUmtaation ftom a cloudhe sky on a vertlcal sur- facing southwest, 
a. m., or southeast, p. m., at latitude 42’ nath. Footcandles. 

In the report for 19214 i t  was shown that at  the Fed- 
eral Building, Chicago, which is in the smoky Loop Dis- 
trict, the illumination on a vertical surface facing 180° 
from the sun is only about two-thirds as intense as at 
Washington, while at the University of Chicago the sky- 
bri htness and the illumination measurements differ but 
lit if e from the corresponding Washington measurements. 

6 YO. WEATEEX REV.. hpt . ,  1921, @: 482 Md 488. 

FIIXRX 17.-Illumnination from a cloullless s q  on a vertical surIaee facing west, a. m., 
or east, p. m., at latitude 42 north. Foot-canNes. 

.................. .................. 0.48 0.m .................... .................. 1.03 0.56 200 
26” .................... 0.84 1.141 0.76 

00.. 

................. 
ON VERTICAL SURFACE FACINQ 180’ FROM TEE SUN. 

FIGURE 18.-lUumination from a cloudlass sky on a vertical sur- fachg northwest, 
a. m., or northeast, p. m., at latitude 4P north. Footcandles. 

The darkening effect of the smoke is rather more 
pronounced in winter than in summer on a vertical 
surface facing away from the sun. The effect is slight 
at  both seasons of the year on surfaces facing the sun 
when no douds are resent, except when the sun IS near 

of the wind. With light wind, and especially when the 
sky is covered with clouds, the smoke sometimes forms 8 

the horizon. The e i ect is closely related to the velocity 
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Day. 

Dee. 21 ............. 
Jan. 21 ............. 
Feb. 21 ............. 
xzar. 21 ............. 
Apr. 21 ............ 
Yay 21 ............. 
June 21 ............. 
July 21 ............. 
Aug. 21 ............ 
Sept. 21 ............ 
Oct. 21 ............. 
Nw. 21 ............ 

cover or blanket of great thickness which cuts off prac- 
tically dl the daylight. A dark dnv results, and artificial 
lightin is necessary outdoors as well as in. No such days 

cago here considered, dthough on January 4, with the 
sun SO' above the horizon, the zenith brightness was only 
150 millilamberts, and 2' above the horizon it averaged 
only 37 millilaniberts, while a measurement of the illumi- 
nation on a horizontal surface gave only 34-foot-candles. 
A corn arison with the corresponding data of Table 4 

illumination on a horizontal surface 5 per cent that for 
Washington with aver me cloudy conditions and the sun 

smoke cloud varied greatly in intensity during the period 
of observation. 

With a cloudless sky, and solar altitude 20°, in winter 
the intensit of direct solar illumination at  nornial inci- 
dence at  d icago  averages about half the intensity at  
Washington; in summer, in the Loop District, with solar 
altitudes 20' and 40°, about three-fourths as intense. 

At Washington, with ct clear sk , the illumination 

silrface ~ a r y  between 150 per cent and GO per cent of the 
values given in Table 4. With a cloudy sky the varia- 
tion is between 200 and 30 per cent. When rain is falling, 
the illuminat>ion is about half as great as the average for 
cloudy skies; with a sky partly covered wit,h clouds, the 
illumination on ct horizont:il surface may he from three 
to four times as intense, and on a vertical surface two to 
three times as intense, as the corresponding illumination 
from a clear sky given in Table 4. 

From seasonal averages of sky brightness for Davos 
Platz, Switzerland, given b D ~ r n o , ~  it appears that 

at  Davos Platz opposite the sun is brighter than at  Wasli- 
ington. The zenith brightness in m t e r  averages more 
than 50 er cent bri hter, and in summer a few per cent 
less brigEt at Davos%latz than at  Washington. On the 
whole, Davos Platz skies when free froin clouds are 
brighter in winter and less bright in summer than at 
Washington. Probably the increased bri htness in winter 

surface. 

are inc f uded in the sky-brightness measurements for Chi- 

shows t 7l at the zenith brightness was 15 per cent and the 

20' above the horizon. % he measurements show that t,lie 

measurements on both a liorizonta T and on a vertical 

when expressed in terms of t E e zenith brightness the sky 

is due in part to reflection of light from t 5 le snow-covered 
- 

- 

TOTAL SOLAR A N D  SKY ILLUMINATION. 

In the MONTHLY WEATHER REVIEW for November, 
1919, 47; 785, Table 14, are given the illumination 
equivalents of solar energ ex ressed in heat units, 
with the sun at different aftitdes. These equivalents 
were derived from simultaneous readings made a t  
Mount Weather, Va., in 1913-14, with a yrheliometer 
and a hotometer. The hotometer ha a its uncom- 

due to the ob{ ue angle at  which.the sun's rays were 
received, was un%nown. 

In the measurements made at Washin ton in 1921-22 
a corn ensated test late waa used, an 8 the certificate 

York, shows no appreciable error due to an obli uity 
in thesangle of incidence of the sun's rays. Ili!.!.i- 
nation intensities were measured with the test plate 
horizontal and also normal to the incident solar rays, 
but the latter measurements were iven twice the 

ments with simultaneous pyrheliometric measurements 

pensatei test late expose a horizontally, and the error, 

furnis % ed by the E P ectrical Testing Laboratories, New 

weight ofgthe former. Comparison o P these measure- 

-- 
0 

7600 

9140 
9270 
-0 
9070 
9OSO 
9070 
$810 
$910 
5510 
8120 

-- 

Rim 

; D m o  C Himmdshdliieit HimmelsgolaiFtion und SonnenintensitLt in 
Davos l9il bk 1919. Vertiffentlichu n des reuswhen Meteomlogischon Instituts., 
hr. 3w Abhandlungen Bd. VI, %%en 4A und 6. 

- 

......... 

give the illumination equivalents of Table 6. Them are 
considerably higher than the e uivalents determined at 

would expect. 
Mount Weather, and particulary P with low sun, as one 

TABLE 6.-111~1.1tiiiiat~oi~ er/ttimlPnt of 1 pnn-mlory  per ininnte per 
square ceutimc[rr rf roltr encr!gy iuith the s i i n  at dhjkrent altitudes. 

2 3  

6G40 

8440 
8710 
8800 
8630 
8740 
8670 
S90 
8510 
7960 

- 

. . . . . . . . .  - ....... . . .  - - ~ - -  

-- 
5190 

m6040 
7450 
7910 
s o 0  
8140 
Bm) 
8140 
7830 
7710 
6910 

7 2 9 0 5 8 6 0  

By nieans of the equivalents of Table 6 and the solar 
radiation intensity at nornial incidence for latitude 42' 
N., given in the number of the REVIEW above quoted 
(p. 773, Tdhle 5 4 ,  the solar illumination intensities of 
Table 7 have been obtained. 

FIGURE 19.-Total daylisht illumination on a horizontal surface with a rloudless sky at 
latitude 4Zo north. Fwt-candles. 

TABLE 7.-8ohr ihn ina l ion  intensify at nor1n.d incidenre at ktitude 
dXNo riorlh, uyith a rloitdless sky (east of the Jfississippi RilJer). 

-_______- - - ~ -~ --- .. 
Hour angle of sun from meridian. I 

1 
- 
7300 
7590 
8010 
9110 
9060 
8990 
go00 
89w) 
8710 
8760 
84-20 
7890 

4 

-I--I- ....................... ....................... 
2480 ................ 
4850 720 ........ 
58w) 3eim ........ 
8280 47w la00 
6420 4wJ n60 
6330 Icao la00 
5460 2980 ........ 
m m  ........ 
2100 ................ ....................... 

Representing the illumination intensities of Table 7 
by I,,, the illuminatioii on a horizontal surface, I h ,  and 
on a vertical surface, IT, may be obtained by the equations 

Ih = I,, sin a and (1) 
I"'& cos a cosa (2) 

where a. is the altitude of the sun, and LY is the difference 
hetween the sun's azimutah and the azimuth of a line 
normal to the vertical surface. The surface will he 
illuminated by the sun only when the value of u is less 
than 90'. 

Addin the values of I,, to the skylight-illumination 
values 8 r  corresponding days and hours given on 
figure 10, we obtain the total daylight illumination on a 
horizontal surface for a cloudless sky of average bright- 
ness at  latitude 42' N., which is charted on Figure 19. 
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~ G U R E  41.-Total dayllght illumination on a vertical siirfsw hclng southeast a. m., 
or southwest, p. m. with a cloudless sky at latltude 42" north. Foot-mnrllks. 

PIGURE 24.-'I'otal daylight illuinination on a vert@ surface facing northeast, a. m., 
or northwest. p. in., wth a clourlloss sky at lslitule 42O north. Footeanriles. 

FIGURE %.-Total daylight illuinlnation on a wrticd silrfacr! facing north with a cloud- 
leas sky at latltude 42O north. Foot-candles. 
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Similarly, b adding the values of I ,  for vert.ic.al sur- 

to the skylight illumination for corresponding days and 
faces facing t i e eight principal points of the compass 

FIGURE %.--Deterinination of the angle of incidence of solar r a p  with 8 sloping surface. 

hours givrii 1x1 Figure3 11 to 1 6 ,  inclusire, we obtain 
the total tlnyliglit illuniiiiation on vertical surfaces 
facing south; southeast a. m., or southwest p. 111.; south- 
west a. in., or southeast. p. 111.; east a. m., or west p. 111.; 
northeastia. in., or northwest p. m.; and north; as given 
on Figures 21) to 25, inclusive. 

It is to he not,ed that with north solar declination a1 
vertical surfaces receive direct solar radiation during 
only ti  part of the day. During the remainder of the 
day the total daylight illumination is the same as t,he 
skylight illuminatioii on Figures 11 to 18, inclusive. 

The data of Figures 1 to 55 inclusive, assume that the 
surface unclor consideration has an unobstructed ex- 

Where a part of the sky is cut off EJ- adjacent buildings or other obstructions, the shading 
effect of such obstructions may be determined by the 
inethod iven in the previous rep0rt.O 

light from surrounding objects, will receive niore de- 
t>ailed consideration in a later report. 

osure to the. sky. 

This siacliiig f effect, and also the reflection of day- 

DAYLIGHT ILLL~IIIKITION ON SLOPING SURFACES. 

The int,ensity of solar radiat.ion 011 surfaces sloping 
in differe.nt directions should be of importance t3 agri- 
culturalists and eiigi~ieers.~ Illuminataion intensities on 
such surfa.ccs a.re of es ecial interest in connection with 

saw-t out h-roof const,raction. 
Tlw cornpEt.at,ion of dirtbct. solar illiiiiiination on sloping 

surfaccs prrsents no s lecial &ificult.ies. Let v ,  I3gure 36, 

liorizontnl siiihc(?: w. thr tlifitw~ncr 'lwt.wren tlie azi- 
muth h i r ing  of S F ,  blw interscction oic these two 
si.irfacrs, am! AB, rcprescnt,ing t.he sun's azimuth; and 
z, the- tingle l-wtwl.bn tho  int.mections of a plane in the 

the 1ipht.ing of intlust.ria P p1aiit.s by means of the so-called 

represent the angle 1 .wtqw;oen the sloping surface and a 

nom~ 27.4tereograPhic projection of sky-brlghtnass measurements on a sloplngaurtaee. 
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I 
720 

1420  

sun’s vertical with the sloping surface and with a hori- 
zontal surface. Then 

tan z=sin w tan v, and a’= a+ x (3) 

where a is the altitude of the sun and a’ is the angle 
between the incident solar rays and the sloping surface. 

To obtain the intensity of solar illumination on a 
sloping surface we have only to substitute a‘ for o in 
equation (1). 

surface, by the method 
REVIEW, November, 
for the difference in 
in longitude of the 

surface rtndr its parallel horizontal surface, we 
may slopin% o tain directly from an altitude table the altitude 
of the sun a t  the latitude of the horizontal surface, and 
therefore the angle a.’ which the incident solar rays make 
with the sloping surface at any hour of any clay of the 
year. 

The computation of the skyZight illumination on sloping 
surfaces requires the replotting of the sky-hriglitness 
measurements for each surface considered. 

Figure 37 shows the data for a clear sky  with tile sun 
at  altitude 40°, projected on a surface for which 90° - 9 0  = 
45O. and v = 10’ (surface SO” out of tlie vertical and fncinv 
45O in azimuth from the sun). In  this case the zenith 02 
the sky falls loo from tlie zenith of the sloping surface. 
The line of the horizon from azimuth+45” to - 1 3 5 O  
with reference to the sun, and the lines on which thc slry- 
brightness measurements are to be plotted, have been 
determined by means of the methods given under “ Solu- 
tion of Problems in Stereographic, Projections” (pp.52-5S), 

............... ............... ............... ........ ........ 
154 

a In Da 11 ht  us., Sunl1gh.t in Sawtooth-Roof Construction, Tpnsact!ons American 
Society o?&cmual Engineers. 40:W3-625, W. S. Brown dcrives this equation as 
fallows: 

A E  cosa rD-=,, :. AE- ED cot V. 

Similarly, AB-ED cot z: and sin w-LE-@?’ from which tan I-sin uy tan I.. 

B NOTE.-IU linea 15 and 16 from the bottom of the second roiumn of the pa e referred 
to the worC “longitude” and “latituds” should be interchanged. The dikrencc In 
lahtude betweon the sloping surface and its parallel horizontal surface is given by the 
equation 

AB cot 2’ 

tan A * - C G ,  
cot v 

and the difference in longitude by the equation 

w h a  b theazimuthin which theslopingsurface faces, and ir itsangle of slope. When 
a’-0. or 180*, sin AX-0, and tan A +-tan u. That Is, the sloping surface and tho 

a d e l  horizontal surface have tho same longitude, and the difference in latitude equals 
&e angle &slope, v. 

sinAA-sina’sin (I 

in General Theory of Polyconic Projections, by Oscar S. 
Adanis, United States Coast and Geodet-ic Survey, Special 
Publication No. 57, Serial No. 110. 

I t  is to be noted that the location of the line of the 
horizon consists in passing a circle through two given 

oints, when the center of the circle falls on a iven line. 

three given oints, as is tlie location of the lines on which 
f;r, it  may also be determined by passing a circ P e through 

the sky-brig !i tness nieasurements are to be plotted. 

TABLE F.- Total illuntinatioii on. sitrfnccs sloping sotcth. 

Date. 

Dee. 21. .......... 
Jau.21. ........... 
Feb. 2t.. ......... 
Mar. 21 ........... 
Apr. 21.. ......... 
May 21.. ......... 
June 21. .......... 
July 21.. ......... 
Aug. 21 ........... 
Scpt. ?1 ........... 
Oct. 21 ............ 
Nov. 21 ........... 

Der. 21 ........... 
Jan. 21 ............ 
Feb. 21 ........... 
Mar. 21.. ......... 
A J r ............. 21 

ay 21.. ......... 
June 21.. ......... 
July 21.. ......... 
Aug. 21 ........... 
Rept. 21 ........... 
OCt. 21 ........... 
Nov. 21 ........... 

Dee. 21 ........... 
Jan. 31 ............ 
Feb. 21 ........... 
.Mar. 21.. ......... 
Apr. 21 ........... 
Nay 21.. ......... 
June 21 .._._ ._ ._ .. 
July 21.. ......... 
Aug. 51 ........... 
Rept. 21 ........... 
Oct. 21 ............ 
Nov. 21 ........... 

Hour angle of the sun from meridian. 

0 / 1 ! 2 1 3 1 4 1 5 1 6 1 7  

Footcandles. 

Surface sloping 100 from horizontal. 

4 610 ’ 3,soO 
5’5901 4560 
7:520 ; f3’m s 7:ffin 
9:7m s,7OO 

l0,BD i 9,110 
io so. 9 -160 

9ti60 s ’ m  
10:390 9’270 

7220 6,090 
5:MO I 4,590 

4730 1 7:7m 

5, m $g 
5: 8sfJ 
7 nln 
7’530 
7’ WI 

4: “so 

7’610 
6:920 
5 910 

2, s90 

6300 
7’ 070 
8: s70 

in, oa 
10 770 
ll’OB0 
11’W iiisa lo’ m 
9’ 931 

7: 130 
fi’510 

7,220 
7 , m  
9, fwl i n  MO 

11: 100 
10.960 
10,970 
11 OB0 
id910 
10:330 
9,250 
3,050 - 

S!uface sloping 20n from horizontal. 
- - ..... . 

1,380 . 

I I ....... ........ ........ 
........ ........ 

........ 
61 ........ 

Surface sloping 300 from hor1mnM. 

........ ........ ................ 
1,m ........................ 
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Date. 

DECEMBER, 1922 

~~ 

Hour angle of sun from meridian. 

7 I 6 I 5 I 4 I 3 I - 2 . 1  1 I 0 1 1 I 2 I 3 1 4 I 5 I 6 I 7 

A.m. for surface sloping SE.; p. m., SW. I P. m. for surface sloping SE.; a. m., SW. 

Dee. 21 
Jan. 21 
Feb. 21 
Mar.21 ......................... 
A r 21 ............... ............. 
July 21 ............... 
Aug.21..: ...................... 
Se t.21 ........................ 
01% 21.. 
Nov. 21.. 

June d, 21.. 21.. ............. 

............................................. ............................................. ................................... 756 
171 2 19) 

4’ 160 

336 2:2iO 4,240 
1.130 3.330 

190 2,170 ................................. 676 .......................................... 

: ......... 1 . ~ 0  3’330 

5.g 4:j?o 

816 
1420 
2’980 
4’340 
5’630 
6’310 
6’03 
d520 

4 350 

1;3% 

5,510 

2:7in 

2 530 

4.950 
6.390 
7600 
$060 
8.470 
S,2W 
7.sz2 
6,4311 

3:30 

3:m 

4 iw 

180 
907 

1w 

2.920 
2640 

939 
1M 

$530 

dLW 

- 

............................. ............................. .................... 
48 .......... 
805 .......... 
850 im 

1,180 !a5 
902 160 
330 .......... 
83 .......... .................... ............................. - 

1,620 

dolo 

.) 130 
$500 
484J 

8.600 
6.970 
6,730 

3’380 
?E 
2:110 

303 
623 

1 610 
2’790 

4’900 
4’760 
3’ 870 

1:53 
594 

3’890 
4’m 

2’950 

157 
485 

1 080 
l’W 
1’930 
1:700 
1,110 

500 
163 

............................... .............................. .................... 
38 .......... 

270 .......... 
418 110 
&40 190 

250 .......... sa .......... 
rlw 110 

.................... .............................. 

4,650 
5 340 
7’150 
8’280 

9,610 
9.730 

9:mo 

3 310 
3:920 
5,3SO 
6 5S0 

7.770 
8,130 

7 : m  

7,290 
8.140 

8,900 
8,700 

3 3M 
3’970 
5:LW 
6 240 

f 0 4 0  
6 ’ s n  

.......... ~. . 

651 

455 

830 
703 
580 

5 M w )  .......... 
410 180 
180 110 
a70 .......... 
58 .......... 

a84 im 

Date. 

Hour angle of SUI~ from meridian. 

7 1 6  1 5  1 . 4  [ 3 1 2  1 1  ( 0 1 1 1 2 1 3 1 4 1 5 )  6 1 7  
- 

- 
-4. m., sloping N E  . p. m., sloping P. m., sloping NE.: a.m., alop- 

N w..’ ing NW. 

I ...................... ...................... 
112 
327 I S  
485 346 
650 590 
780 719 
7W 630 
580 371 
354 72 
147 ...................... 

................ ........ ........ 
PS 
365 
a88 ........ 

................ ........ 

2% 
310 
348 
406 
562 
660 
7% 
733 

‘610 
402 
372 
324 

2 1  
-3 
310 
429 
564 
(is5 
770 
730 
635 
404 
374 
270 

la0 
416 
559 
761 
879 
817 
8w) 
411 
122 

....................... ....................... ................ 
46 ........ 

412 ........ 
6 5  241 
750 865 
720 312 
418 ........ 
60 ........ ................ ....................... 

112 
1’12 
294 
488 
642 
759 
956 
834 
730 
555 
33s 
182 

.. .. 

.. 

si5 
302 
r24 
5iz 
i53 
552 

99Q 
b 7  
630 

’ 472 
323 

1,@28 

120 
172 
341 
582 
745 
898 

980 
850 
626 
378 
200 

1,035 

340 3 5  135 ............ 
375 234 164 ............ 
425 4cQ 277 107 ........ 
458 425 385 42 .... 
650 525 475 385 %IO.... 
800665530536390110 
s40 738 595 445 2!m 
835 695 575 ‘420 140 
720 620 510 425 270 .._. 
535 4% 4Zl 310 4S.... 

’ I  I I  I I I I l l  380 285 167 ............ i 470 415 276 im ........ 

nee. 21 
Jan.fl._..__ 
Feb. 21 ..____ 
Mar. 21 ..___. 

...... ...... 
July 21 ...... 
Aug .21...._. 
Sept.21..__. 
Oct. 21 
Nov.21 

...... 

- I  ... ..... . 

..................... 220 320 4301 *O 420 3871 ............... 235 455 550 5SO 448 422 __.._ ._.__ 3 2  5 €60 6k5 532 491 r150 ._.._ 69 6% %I 975 W 790 640 570 
. . ~ ~  755 1 3201 910 9591 3 4 i l J 3 C Q ! !  2001 05(1 920 100 821 8% 755 

600 11350 1: 500 1:45!~ (360 1:35O 1: 1Ro 941 855 
4501,2% 1,500 l,4rXI 1.1M 1,3?01,160 949 870’ 

9001 0851 2701 3%l1,!2001.lJ70 9% 850 _ _ _ _ _  100 ’740 ‘960 ’81 8571 910 i33 627 ................ 215 580 7 750 €47 524 505 .................... 323 610 6261 590 484 440 

..... 870 
645 
497 
423 

W 
596 
542 
417 

Aug. 21 ............ 
21 ............. 

Nov. 21 ............ 
€$p:.21 ........... 826 

631 
473 
4l3 

TABLE B.-Total illumination m surfaces slomw toward southeast or southwest. . 

I Foot-candles. 

Surface sloping 10’ from horlzontal. 

- 
Surface sloping ?on from horizontal. - 

2% 
7 x 0  
s’ 820 
9: 7zn 

10 Oon 
1U’ 34Q 
lo’ 230 
9: 650 
8,910 
7.310 
5.730 

~ 

1% 
G. O?o 
7,370 
R. 400 
H66n 

8: 270 
7.370 
5.720 
4.160 

9’ ow 
8’ m 

-- 

1 580 
2’ ooo 
3’ 250 
4: 400 

5’ 790 

5’ 350 
4’ 530 

?: 050 

5 330 

6’ 100 
5’910 

3’ 160 

m 
467 

1 2M 

3 100 
2: 190 

3’ 640 
3’ 930 
3> 820 

2’ 3M) 
1; 200 

3’110 

451 

Dee. 21 
Jan. 2l 
Feb. 21 
Mar.21 ......................... 

............... ............... 
........................ ........................ ................................. 

Surface sloniog 30. from horizontal. 

......... 1 1 670 
2’ 1 0  
4’ 850 
5: 910 
7 150 
7: 360 
7,490 
I, 550 
0 790 
6’ 080 
4: %so 
2,450 

4, l s l  
5090 
6’ 940 

s w  
9 260 

s: n90 

9: 1% 

e: 1w 
q 770 i: 110 
6.540 
5, @30 

1,530 
1 940 $E 
2560 
4’ scw) 
5: 02.20 
4550 
4: 540 
3,950 
2 s40 
1: 950 

175 
3 5  
&s9 

1600 

2,610 
2; 240 

2: 1so 
1,060 

3 ;; 
859 
319 

......I .................... I Dee. 21. 
Jan. 21 
Feb. 21 ........,... 
Mar. 21.. 

........... .......... .-.. .._. 

i.... 

......... 
1,491) 
3w 

5.150 
5,350 
5210 

3,340 
1,320 

4: 600 

4: 3.50 

........ 
334 

1.990 ’ 
2. SXJ 
2 970 

1.790 ! 
350 

$910 I 

Apr. 21 
May 21.. ............. 
July 21.. ............. 470 
June21 ............... 

...................... 
I 

A-. 21.. _I 
Bept. n... ..................... 
Oct. 21. .............. ..........I .. ......... .I 1.. Nov. 21.. ............. I. ! 

........ .......... 143 ................... . .....I ......... .I.. ........ ........ I 
TABLE lO.-Skylight ilhtniiimtion OR. sitrfaces sloping north. 

Hour angle of sun from meridinn. 

Date. 
Foot-r.mdles. 

Surface sloping 10. from vertical. 
I Foot-candles. I 

Dee. 21. ........... 
Jan. n.. .......... 
Feb. 21. ........... 
Mar. 21. ........... 
Axi ; Z :  ........... 
June 21 ............ 
July 21. ........... 
Aug. 21 ............ 
sept. 21 ............ 
Oct. 21.. .......... 
N O ~ .  21.. .......... 

........... 

310 
330 
352 
428 
5.10 
600 
640 
635 
605 
4so 
386 
343 

310 

%I0 
421 

554 
550 
580 
570 
489 
369 
333 

320 

520 

Surface sloping loo from vertical. 

.... ...... ...... 
..... 

Nov. 21 ..... ._...I .......... 
Surfare sloping 100 from vertlrsl. 

Dec.21 170 337 4% 440 
Jan.21 230 402 &SO 525 

...... 

.......... ........... .......... ..... 

Surface sloping 20. from vertical. 
- 

Dee.21 ............ 355 
Jan.21 ............. 302 
Feb. 21 ............ 390 
Mar.21 ............ 486) 
A r.21..... ....... 619 

June 21 ............ 69s 
July 21. ........... 691 
Aug. 21 ............ 671 
8e t 21 ............ 

&21 ............ 660 

oLz1.. .......... 
Nov.21 ............ I 378 

Surface sloping from vertical. 

.......I ........ ........ 

.......I ........ I ........ 



DEQEMBER, 1922. MONTHLY WEATHER REVIEW. 027 

Dec.21 ............ 
Feb.ll. ........... 
Apr.21 ............ 
June21 ............ 
A 11 ............ 
0% 21 ............ 

TABLE 12.-Ratio of total illuniinatim, T, to sky illwminathn, S. 
CLOUDLESS SKY, LATITUDE 420 N. 

29 27 22 22 16 ........................ 
28 28 22 17 12 8 ................ 
13 12 10 7 4 1.4 0.3 ........ 
9 7 5 8 1.1 0.3 A 2  0.1 

12 11 9 6 3 1.0 0.5 ........ 
25 23 20 15 11 5 ................ 

Hour angle of sun from meridian. I 

k.P ............ 
Feb.21 ............ 
Apr.21 ............ 
June21 ............ 

I T ,  vertical surface facing sou* S, vertical surface facing north. 

18 16 13 10 6 ...... 1 ......... : ........ 
23 21 IS 13 8 4 ................ 
20 18 16 12 9 ........ 
19 16 12 10 8 

A P  ............ 18 
a 2 1  ............. 20 

T, surface sloping south 100 from horizonttal; 8, sloping north loo I-- from ver th l .  

16 14 11 8 !I ! I  ..... 0.: 
19 16 11 7 3 ........ ! ........ 

M . 2 1 .  ........... 
Feb.2l ............ 
Apr.21 ............ 
June21 
Aug.2l 
Oct.21 ............ 

............ ............ 

I I I I I  I 1 -  

T, surface sloping south 300 from horizontal; 8, sloping north 300 
from vertical. 

19 18 16 14 10 ...... ..........I ........ 
22 20 18 13 lo 5 
15 14 12 10 6 4 1.2 ........ 

8 6  4 1.1 ........ 9 7 5  3 13 11 
13 12 11 
a0 18 1 5 '  11 8 3 

 ate. 

7 d 5 4 3 2 1 0  

T, aurface facing SE., a. m., or 
s, s u r r a w E k g % F  a. m., or 

NE., p. m:' 

T, SUrIsee facing SW a. m.. or 
s, surface fmng NE a. m., or 

sE., p. m." 
NW., p. m:' 

Surfaces vertical. 

Dee. 11 
Feb. 2l. 

June21 ...... ~ p r . n  .......... 
A 21 ......... 
0221 

I I I I I I # l  1 I n I I I 

T, surdree sloping loo from horizontal, 8. loo from vertical. I 

.................. 28 29 28 24 2 0 1 2  7 2 0.7 ............... ............. 80 30 28 28 24 19 10 4 0.9 0.6 0.5 .......... 
6 8 11 16 14 11 9 6 1.6 0.7 0.5 a 3  0.3 0.3 0.3 

14 17 22 21 n 13 9 4 0.9 0.6 0.4 0.3 a 3  ..... 
11 15 18 18 15 12 s 3 0.9 0.6 a 4  0.3 0.3 ..... .............. 24 a5 a5 24 20 16 9 4 0.9 0.6 a 5  .......... 

%ai 
Feb.2l. 
Apr.21 .......... 
June2l.... .. 
A 21 ......... 
a21 

1 T, surface sloping 300 from horizontal; 8. 300 from vertical. 

- 
.................. 8 14 13 15 14 11 8 6 2 ............... ............. 8 13 16 19 21 2 0 1 5  11 7 4 1.2 .......... 

6 10 15 18 19 18 1713 10 6 4 2 0.5 ..... 
3' 6 10 14 16 17 17 16 11 8 5 4 2 0.9 0.4 

4 9 13 16 17 18 1511 8 6 4 2 0.4 ..... .............. 7 12 15 19 20 18 12 9 6 3 1.0 .......... 

Dec.2l. 
Fob. 11 
~ p r . 1 1  .......... 
Jrme2l ...... 
A ai ......... 
O%!U ........ 

On Figure 27 the brightness of the entire sky is shown, 
with the exception of a spherical lune which falls below 
the plane of projection on the side WNE., and for which 
the maximum width is 10' at  N. The sky-brightness 
values that have been obtained by measurement on the 
half of the sky on one side of the sun's vertical have 
been plotted on both sides of this vertical. 

In Tables 8 and 9 is given the total (solar+sky) 
illumination on surfaces slop' in southerly directions, 

illumination on surfaces sloping in northerly directions 
as indicated. In Table 12 is given the ratio of the total 

as indicated. In Tables 10 an Y 11 is given the skylight 

................. 12 16 17 16 1 4 1 0  8 5 0.8 ............... .............. 14 18 18 20 20 1 7 1 2  8 4 1.6 0.9 .......... 
8 12 15 17 16 14 12 9 7 4 a 4  a 6  a 3  ..... 

4 7 9 13 13 I3 13 11 8 5 4 1.9 0.7 0.3 0.3 
7 io 13 14 14 12 11 8 6 3 1.7 0.5 a 3  ..... 

: ..... 12 16 16 17117 16 8 6 4 1.4 0.7 .......... 

illumination to the skg illumination on surfaces facing 
op osite each other in azimuth. 

gable 8 shows that in general on surfaces slo ing south 

increases with v. With north solar declination the illumi- 
nation reaches a maximum in the middle of the day 
when v equals about 20°, and decreases as v increases 
with the sun near the horizon. 

Table 9 shows that in the morning on surfaces facing 
southeast, and in the afternoon on surfaces facing south- 
west, there is an increase in the total illumination with 
increase in v, except near midday in midsummer with v 

rester than about 20'. Also in the morning, on sur- 
kces fac.ing southwest, and in the .afternoon, on surfaces 
facing southeast, the illumination generally decreases 
with increase in v, escept near inidday with south solar 
declination. 

Tables 10 and 11 shorn m increase with v in skylight 
illumination on vertical surfaces slopin northward, as 

that with sawtooth construction a very considerable part 
of the skylight is cut off by shading. This is unimportant 
when consiclerin the tot,al illumination on surfaces 
sloping in a sout erl direction, but becomes important 

facing towards the north, since it is the brightest part 
of the sky that is cut off. 

Let it be assumed that the ridges of the saw teeth of 
the roof are horizontal, and of infinite length, and let 

and with south solar declination the total i lf ummation 

one would expect. I t  must be remem % ered, however, 

in connection with fy t le skylight illumination on surfaces 

sloping northward. 
TABLE 13.4h.ading efect i i b  suiu-taot?kroof wnstncetion. 

as 
11 
9 
4 

35 
32 
16 

84 
6s 
30 

w - w .  

- 

180 
135 w 
180 

180 
135 
90 

190 
135 w 

0 
45 
w) 

0 
45 w 
0 

45 

0 
45 

0 
45 
w) 

w 

eo 

30 

6 3 3 10 
5 3 3 10 
3 2 2 10 

29 18 15 30 
21 13 12 30 
I2 10 9 30 

M 36 30 50 
42 28 27 60 
23 19 50 

22 I 18 16 
Sur- 80" out of vertical. 

17 
17 
15 

2.5 

21 
21 
18 

10 Nm.-The ercenta of Table 13 have been com uted from Figure 27 and other 
 similar^. iee.eealso!&s.Illum.Engr.Soc.,vol. I~p.270,andMmthlp WEIzaEp 
-VIEW, &pt., 1%?l, 49: a. 
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Computations from the sky-brightness data given in 
Transactions Illuminstin Engineering Societ 

is about twice as intense when the sky is covered with 
thin clouds or haze or artly covered with white clouds, 
which is its usual con$ition, 8s when clear. The total 
(solar +- sky) illuminatioii on surfaces facing the sun is 
usually diminished by the resence of haze or clouds 
of the above character. consequence, when the 
an le zu lies between about 45' and 135", the ratios of 
Ta%e I2 will be diminished, on the averzxge, by at least, 
one-half, and will vary iu value from their iuasimn with 
clear-sky conditions, given in Table 12, to about 2.0 
for a sky coni letelv covered with dense clouds. This 

ness data of Figures 4 (opposite p. 259) and 13 (p. 263) 
with Figures 6, 7, and S ( . 260) and 11 (page 362). 
Transactions Illuminating &igineering Society, vol. 16. 
October, 1931, and Fi ure 3 (p. G17) of this paper; and 

(p. 618) of this paper. 

p. 260, Fi res 6 and 7, s % ow that skylight il P, umination vO1- 
on vertica Y l  or sloping surfaces facing away from the sun 

will be made c r ear from a comparison of the sky-hright- 

by reference to the i K umination inteieities of Table 4 

I 

FIGURE ZS.-CroSS Section Of a saw-tooth roof. 

These ratios are of use in coniputing the daylight that 
can be made avahble  for illuminating working spwe in 
a building through saw-tooth-roof construction. In 
eneral, there are two sources from wlich the light may 

Qe obtained as follows: 
(1) Light.from the northern sky incident at the work- 

ing space, or reflected thereto froin the ceiling of the saw- 
tooth roof (sky angles S, to s,, and s'? to s"?, respectively, 
fig. 28). 

(2) Solar and skyli ht  reflected from the outside 

or throu h a secondary reflection from the ceiling of the 

It is to be understoo that the angles here shown are 
cross-sections of spherical wedges. 

Assunling the ratio of the intensity of the total light 
reaching the southerly-slo in roof surface of a saw-tooth 

on the northerly-sloping window surface C'D' (fig. 28) 
to be 4, Brown l1 computed the relative values of (1) 
and (2) to be 14.6 and 6.1, respectively. 

Let us consider a saw-tooth construction that gives a 
window surface facing north and slopin 20' from the 

horizontal. Let the latitude be 42 north, the sky clear, 
the date March 21, and the hour 10 a. ni., or 2 p. m., 
apparent time. The solar altitude will be 40' and its 
azimuth 41'. Disregarding shading, Tables 8 and 10 
II Loc. at., p. 8ao. 

surface of the saw-toot B directly to the working space, 

saw-toot ?I roof (roof an les t ,  to 0, and t', to t",, fig. 28). 

window, AB (fig. 28) to t R f  e ight received from the sky 

vertical, and a roof surface slopinf sout K 20' from the 

% 

give 8,250 and 471 foot-candles for the illumination 
intensity on the roof surface and the window surface. 
respectively, the ratio of the former to the latter being 18, 

The ridge of the adjacent saw tooth would cut off 
from the window a spherical wed e near the horizon for 

window is facing 139' froni the sun, and from Table 13 it is 
estiniated that the shading by the roof diminishes the 
skylight illuniination at  the window surface 20 per cent. 
The roof between B and E will be in sunli ht, and between 

iiiay therefore disregard the siiiall quantit of li h t  this 

lbh t  from a spherical lune near the southern horizon for 
&ich e arexges about 30' will be cut off from BE by 
the adjacent saw tooth. Froin Table 13 we estimate that 
t,he illuniination from skyli ht  will be decreased by about 

on the north-sloping window surface is 471X0.80 
-377, and on the south-slo ing roof surface it is 1,100 

the south-sloping roof surface is 7,950 foot-candles, and 
its ratio to the illumin&ion on the window surface is 
7,950/377=31. Substituting this value for 4, we obtain 
for the relative values of (1) and (2) 14.6 and 32.0, 
respectively. Or, if we suppose the sky to be covered 
with thin clouds, or partly covered with white clouds, 
the values become 14.6 and 16.0. 

Apparently, therefore, for clew-sky conditions, or even 
for the iiiost usual sky conditions, whea thin clouds or 
haze, or scattered white clouds are present, most of the 
daylight received throu h a saw-tooth-roof window will 

of an adjacent SUN- toot,h. $n c10ud:y weather, however, 
nearly all the light will be received frrom the northern skj-. 

No at,tempt has bem mado to espresv Ihe illumination 
intensit4y a t  the working s ace i:i absolute units. In  order 

a,ngles S, niid S,, niid of SI, and S", (fi 2s) ; the bright- 
ness of the sky included i!i each of  tfcse angles, from 
which the sky illuminat.ion may be computed; the 
solar illumination intensity on the roof surface BE; 
the solid roof n:iFle t,, and the average of thesolid roof 
angles t', tlJ t l a ;  t.he coefficients of reflection of 
the surface of the ceiling A'B', and the roof, BE; the 
solid angle subtended by the ceiling at the worki 
and the an le at  which light is incident a t  the roo or the 
ceiling, a n i  is received at  the working space eieerdi- 
rectly c;r by reflection from t.he outside roof or the inside 
ceiling. 

Of the above factors the brightness of the skv and the 
intensity of th.e solar illuminntion are ven wiih reason- 

maining factors depend upon the design of the saw-tooth 
roof and it.s window openings, and must be determmed 
for each individual cnse, 

Durin the winter months, in a smok city like Chicago, 

of the ceiling of R'B', and the roof surface BE, the abso- 
lute values of (1) and (2) can not exceed 2/3 and 1/2, re- 
spectively, of their values in a comparatively smokeless 
region. 

which the average value of e wou 4 d be about 10'. The 

E and A i t  will be illuminated by sky K ight only. We 

1atte.r can reflect, to the under side of A' 6 I .  T%e sky- 

3 i  per cent. Therefore, t 7 le available sky illumination 

x 0.73 = SO0 foot-candles. 4 he total illumination on 

be froni tlierefIec.tion of s t -yli lit and sunlight from the roof 

to do so, it is necessary to R iiow the average of the solidsky 

?i spacel 

able accuracy in this paper for latitu f e 42' N. The re- 

disregarfing the robable decrease in t I e reflecting power 


