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SYNOPSIS, liminary results were given. The program of & full year
of sky-bnghtne__\ss measurements was completed on April
6, 1922. During four weeks ending with August 13,

The report summarizes sky-brightness and daylight-illumination
measurements made during the year ending April 6, 1922. For 10

months the measurements were made in a suburh of Washington that is
comparatively free from city smoke. During the other 2 months, one
in summer and one in winter, the measurements were made in the
smoky atmosphere of the city of Chicago. .

The measurements were made as nearly as possible with the sun at
altitudes ahove the horizon of 0°, 20°, 40°, 60°, and 70°. From the sky-
brightness measurements the resulting illumination on vertical surfaces
differently oriented with respect to the sun, and on surfaces sloping at
different angles and in different directions, has been computed. These
computed values have been utilized. in connection with daylight-
illumination measurements, to construct charts showing for latitude 42°
?(ﬁth’ illumination intensities for each hour of each day of the year as

ollows:

(1) On a vertical and on a horizontal surface, from a cloudy sky.

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

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

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 outside roof surface through
- the window opening, rather than by the direct transmission of skylight
through the window.

With 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 region of maximum brightness is in or near the zenith.

With high sun, as at midday in summer, the illumination from a
cloudy sky averages Eﬁll;er than the illumination from a clear sky,
;;xcept on a vertical & e facing the sun. This is not the case with
ow 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. m.

The minimum 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 eky on such a surface averages about 2/3
the illumination at Washington on a similar surface from aclearsky.

The total (solar+-sky) illumination generally increases on surfaces
sloping toward the south until the angle of slope reaches 20°, except
with low sun during the summer months. The maximum is about
11,000 foot-candles at noon in midsummer.

At Washington the illumination from a clear sky on both horizontal
and vertical surfaces varies between 150 and 60 per cent of the average
values; from a cloudy sky, between 200 and 30 1per cent; from a sky
partly covered with white clouds, on a horizontal surface three to four
times, and on & vertical surface two to three times that from a clear sky;
with rain falling, about half that from a cloudy sky.

SKY BRIGHTNESS AND DAYLIGHT ILLUMINATION
MEASUREMENTS.

In a report of this committee ? presented at the Roches-
ter meeting in September, 1921, the program of sky-
brightness measurements was outlined, and some pre-

1 Report of the committee on sky brightness of the Iluminating Englneerl%% Society,
H. H. Kimball, chairman. Presented at the annual convention, Swampscott, Mass.,
tember 28, 1622: later, revised and extended.
Transactionsl llum. Engr. Soc., Oct., 1921. Vol. XVI, pp. 255-275. Mo. WEATHER
REV., Sept., 1021, 49: 481488,
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1921, and a second four weeks ending with February 2,
1922, the measurements were made in the city of Chicago.
During the remainder of the year they were made in a
suburb of the city of Washington that is practically free
from city smoke.

As was explained in the previous report, at Washington
the photometer was mounted on a stand inside a small
shelter that was painted white on the outside and flat
black on the inside. The upper edge of the sides of the
house 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 clear sky, however, illumination measurements on ver-
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FIGURE 1.—Sky brightness in millilamberts. Sun’s position indizated by X. Wash-
ington, D). C., cloudless sky, ground covered with snow.

tical surfaces have been confined to surfaces facing in
azimuth 0° and 45° from the sun, as at greater azimuths
the blackened inside walls of the shelter reflect too much
sunlight to the photometer. .

It may be well to recall to mind some details of the
sky-brightness measurements. Figure 1 is a stereo-
graphic projection of the half of the sky on either side of
the sun’s vertical. The sun’s position is indicated by the
letter X. The horizontal straight line represents the
horizon, and abhove it are lines of equal altitude 10° apart.
Extending from the zenith to the horizon are azimuth
circles also 10° apart. )

A complete series of sky-brightness measurements con-
sists of three photometric readings on each of the points
at 2°, 15°, 30°, 45°, 60°, 75°, and 90° above the horizon,
and on azimuth circles 0°, 45°, 90°, 135°, 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
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at our disposal. There are therefore 102 photometric
readings in each series. In addition, with a clear sky the
intensity of the total illumination from the sun and sky
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 facing 0° and 45° in azimuth from the
sun. If the sky is cloudy the illumination is measured
on a horizontal surface, and on vertical surfaces facing
0°, 45°, 90°, 135°, and 180° in azimuth from the sun.
There are therefore 18 photometric readings (six sets of
three readings each) in each series of illumination meas-
urements. 1t is usually a matter of chance whether the
readings are on azimuth circles to the right or to the left
of the sun. Unless there is inequality in the cloud or
haze distribution, or in the character of the earth’s sur-
face on the two sides of the sun’s vertical, the sky bright-
ness on the two sides should be symmetrical.

TasLE 1.—Nwmber of series of sky-brightness measurements.

WASHINGTON, D. C.

Solar altitude. 0° ; 20° | 40° | 60° | 70° |Total.
122 2 11 27
36 16 |......
57 24 17 120
21 4
6 8l...... 17

CHICAGO, ILL,, FEDERAL BUILDING.

Solar altitude. 0° | 20° | 26° | 40° | 60° |Total.
B| 3| 8| 3|
8| 5| 2| e =
L 7| 9| 30
e 1| 1 15
38| 11| 18[ 19

UNIVERSITY OF CHICAGO.

Solar altitude. 0° | 20° | 2° | 40° | 60° |Total.
n| 3| ol w0 35
9| 5| 2| 2 18
4. By 6| 2t
7778 1l 13
31| w| 17| 19| &

The attempt is made to obtain complete series of sky-
brightness and illumination measurements when the cun
is 0°, 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 generally omitted in midsummer,
and in winter the sun does not reach an altitude much in
excess of 40°. In fact, at the Federal Building, Chicago,
in January, the average altitude of the sun at the time
of making the noon readings was 26°, and at the Univer-
sity of Chicago, at the end of January and early in Feb-
I it was 29°. When rain was falling, onl;r sky-
brightness measurements up to an altitude of 60° could
be made by pointing the photometer out of a window.
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Table 1 gives the number of series of sky-brightness
measurements obtained at Washington and l-]ghic 0
with the sun at the altitudes indicated and with :ﬁe
different types of sky. In all there are about 55,000
photometric readings of sky brightness and 9,000 photo-
metric readings of 1gllumination Intensity at Washington
and 19,000 and 2,200, respectively, at Chicago.

In Tables 2 and 3 are summarized the sky-brightness
measurements made at Washington and ghicago, Te-
spectively, during summer and winter months with a
cloudless sky, and during winter months with the sun
20° above the horizon and the sky covered with clouds.
It will be noted from 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 20°.

TABLE 2.—.Averuges of sky-brightness measurements egpressed in terms
of zenith brightness.  Washington, D.

Point in sky where brightness was measured.
Zenith
- bright-
Solar altitude. Azi- Altitude. ness.
muth
from
sun. | 2% | 15° | 30° | 45° | 60° | 753° | 90° ml.
CLEAR SKY, WINTER.
[ PR (]12.66 | 9.61 | 4.33 | 2.40 1 1.44 | 1.15 | 1.00 2.1
45 (4.40 { 4.76 [ 2.83 | 1.98 | 1.36 | 1.15
90 | 2.43 | 2,76 | 2.08 | 1.47 | 1.20 | 1.10
1351 2.99 | 3.43 | 2.41 | 1,58 | 1.17 | 1.03
180 { 3.83 | 4.20 | 2.74 | 1.77 [ 1,25 | 1.08
b P 0 (23.52 |...... 9.78 [ 4.27 [ 2.26 | 1.42 [ 1.00 281
45 | 8.91 | 5,54 | 8.76 | 2.57 | 1.75 | 1.27
90 | 3.95|2.601.69|1.30) 1.10 | 1.08
135 |3.92 | 2.34 | 1.42 | 1.01 | 0.87 | 0.88
1 4.38 | 2.55 | 1,42 | 0,99 | 0.81 | 0.79
40°. it 08.2016.81 |9.44 |.. ... 2.7211.58 | 1.00 544
45 (4.56 | 3.45 | 2.77 | 2.21 | 1.76 | 1.36
90!2.62)1.66(1.12 | 1.00 | 0.89 | 0.95
135 | 2.5t | 1.33 | 0.82 | 0.68 | 0.66 | 0.75
180 | 2.76 | 1.44 | 0.81 | 0.60 | 0.58 | 0.69
CLEAR SKY, SUMMER.
20%. . iieriiicecnacaann 0 (21.10 |...... 10.85 | 4.06 | 2.34.| 1.40 | 1.00 400
45(7.7215.90 | 3.91 } 2,74 | 1.94 | 1,31
90 (3.42)2.81]1.78 | 1.35 | 1.07 | 1,14
135 | 2.48 | 1.86 { 1.23 | 0.83 | 0.72 | 0.82
180 | 2.85 | 2.13 | 1,19 | 0.85 | 0.74 | 0.76
0% iiienee e 0]735)6.19 | 8.43 |...... 2.75 (1.58 | 1.00 | 803
451 4.15|3.13 | 2.69 | 2.45 | 1.88 | 1.42
90 | 2.13./.1.41 | 1.13 [ 0.97 { 0.99 | 1.04
135 1 1.74 [ 1.13 [ 0.74 | 0.60 | 0.62 | 0.74
180 | 1.83  1.11 | 0.68 | 0.54 ) 0.53 | 0.68
B0° .. iiecianneens 0]2.08(1.74|1.8:(2.51)...... 1.65 | 1.00 | 1,650
451,74 (1.53 | 1.30 | 1.53 | 1.67 | 1.41
90 { 1.16 | 0.88 | 0.72 | 0.74 | 0.88 | 0.99
135 (0.95 | 0.61 | 0.47 | 0.50 | 0.58 | 0.75
180 | 1.00 | 0.64 | 0.47 | 0.50 | 0.5¢ | 0.72
(1 eeres 0(1.45(1.290| 1,13 |1.60|3.30 |...... 1.00 | 2,300
45| 1.25(0.90 | 0.89 | 1.07 | 1.33 | 1.53
90 | 0.77 [ 0.65 | 0.56 | 0.54 { 0.62 | 0.89
135 | 0.62 [ 0.42 | 0.37 [ 0.38 | 0.44 | 0.66
180 | 0.58 ( 0.39 | 0.31 [ 0.31 | 0.41 | 0.61
CLOUDY SKY, WINTER.
20% e e 0/0.39 (0.5 ]0.80|0.931.03 | 1.04 ] 1.00 989
45 0.40 [ 0.55 | 0.67 { 0.84 | 0.97 | 0.97
90 [0.31|0.56 068 081!0.90|0.92 | Max.—2,211
13510.31 | 0.49 ) 0.66 | 0.80 ; 0.86 | 0.94
180 [ 0.32 | 0.54 | 0.67 | 0.83 | 0.94 | 0.98 | Min.~245
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TaBLE 3.—Average of sky-brighiness -mms'uranen.ts expressed in terms Referring again to Figure 1, the irregularly curved
of :enith brightness. Chicago, I lines are lines of equal brightness that have been drawn

Point in sky where brightness was measured. to represent the brightness of tht:,) .sky at Washington on
zenith  the morning of February 17, 1922, with the sun at an
Place prad BN Altitude. bright-  altitude of 20°, and the ground covered with newly fallen
tude. {muth| __ crusted snow. The figures on theleft above the sun repre-
Tom | e | se | 300 | a5e | 600 | 75° | 900 | ma. sent the brightness of the sky with reference to the
- zenith brightness; the figures on the right and at the
CLEAR SKY, WINTER. bottom of the figure, the brightness of the sky in millilam-
. B berts. The sky 90° from the sun and in his vertical was
University.......... 0°| olo.%0!s0t|3.67|20 1.38|1.08|1.00 | w4« & deep blue and unusually dark. Near t.he_horlzop 1t
|30 s06)218] 1501 1.13)0.57 ! was unusually bright on account of the reflection of 1-1%ht
135 | 1,31 | 2.46 | L84 [ 1.47 | 1,18 | 078 [ to the atmosphere from the snow surface, and especiall
H )
1601 0.80 ) 2.5¢ ) 3.34 | 1.64 | .22 | 0.96) beyond 90° in azimuth from the sun.
Federal Building...{ 0° 0]1.80 |44 |400]1.21 | 1.48| 1,13 1.00I 19.7
45 10.85|2.11 | 2.04 | 1.54 | 1.36 | 1.10 i
90 (0.80 | 1.29 | 1.27 | 1.24 | 1.03 | 0.99 l
135 | 0.83 [ 1.83 { 1.00 | 1.43 | 1.05 | 1.08
180} 1.11 ( 2.12 | 1.85 | 1.66 | 1.25 | 1.09 :
University.......... 20° 0 16,38 |...... 9.18 (4.25(2,2111.22]1.00 345
. 45 16.33{5.00)3.502.58)1.931.33
90 2,51 [2.22]|1.59 (1,30 1.40 | 1.05
135 . 2.06 | 1.50 | 1.25 ; 0.93 | 0.95 | 0.85 |
180 . 2.03 ;1,75 1,14 | 0.89 | 0.72 | 0.77
Federal Building...| 20° 0 13.56 |...... 9.86 14.37 | 2.34 | 1.55 | 1.00 340
45 : 5,30 | 4.87 | 3.37 | 2.59 | 1.96 | 1.16
90 0 1.9811.93|1.70 ] 1.35 | 1.31 | 1.00
135 - 1.24 1 1,27 | L.O1 [ 0.75 | 0.66 | 0.72
. 180 . 1.32 | 1.45 ( 1.08 | 0.79 | 0.72 | 0.82
University.......... 29° 0 I.l3.6."i 18.80 {...... 3.72 1261|137 |1.00 433
45 ,5.32 ;411 | 3.50 [ 2.59 | 1.92 | 1.32
90 2.5011.96 | 1.49 | 1.07 | 1.02 | 1.03
135 | 1.89 : 1.65 | 1.01 [ 0.82 [ 0.71 | 0.78
180 ' 2,13 ) 1.78 1 1.05 ( 0.82 { 0.77 | 0.71
Federal Building...| 26° 42 ! ;g-]i liﬁ 12_;(1}3 gg %(4)1 (l‘ﬁ 1.00 511
90 10,95 | 1.20 | 1.30 | 0.93 | 0.79 | 1.00
% | 06s | 05 |00 (R (08 |0 o .
| ™ - g FIGURE 2.—skbeur1iﬁil}tne55 lliil mlhﬂmblertiil efsﬂ; p_cistgzxgn iudieaotekg by X. Federal
ng, Chicago, Ill., clou W ense smoke.
CLOUDY SKY, WINTER. *
) we| 2|32 |052088 106 107|108 100 614 Figure 2 shows the brightness of the sky as measured
University.......... 9002904l |063]0.8 0091|0097 |Mx=1014 from the top of the dome on the Federal Building, Chicago,
1350.30 ({0.4210.58 [ 0.71 | 0.86 | 0.88 3 1
L B 0T 058088 | Min—ss Ill., on the morning of January 16, 1922, with no clouds
. ol 038 056|088 | Lozlees|ismolio| s A the sky, but heavy smoke in the lower atmosphere.
Foderal Building...| 20°| 45(0.33 | 0.61 | 0.5 |0.78 | 0.83 | 110 | The sun was at altitude 20°, and the ground was covered
el 0 o e o2 LB bag| Mex=L084  with snow, as was the case at Washington on February 17,
180 | 0.33 | 0.56 | 0.80 [ 0.84 [ 0.70 | 0.93 | Min.=132 but the snow was not clean. Compared with Figure 1,
- — FiFure 2 gives a brighter zenith, a point of minimum that
CLEAR SKY, SUMMER is less bright, and a horizon beyond azimuth 90° from the
University.......... e olizo|...... 560|237 ] L1s|110{o0| 231 sun only about one-fourth as bright.
45| 5,46 | 5.09 | 2.65 1 1.83 | 1.17 | 0.90
90 |3.43|2.371.35{1.07]|0.95]0.76
135 | 2621 2.18 | 1.36 | 0.96 | 0.72 ] 0.84
180 [ 273 ( 2.69 | 1.64 | 0.91 { 0.79 | 0.86
) 2 D 2 011435 |...... 11.44 1 5.07 [ 271 | 1.62 | 1.00 528
451 5.91 | 5.04 | 3.88 1 262 | 1.86 ] 1.32
9012771226} 1.61 | 1,25 | 1.09 | 1.04
135 | 1,69 | 1.60 | 1.04 | 0.73 | 0.68 | 0.72
180 | 1.58 | 1.78 | 1.04 ( 0.71 | 0.64 | 0.70
Federal Building-..| 20° 0 [15.08 (13.73 (13.58 | 6.19 { 2,79 | 2.20 | 1.OO | 419
45| 4.76 | 4.81 | 4.54 | 3.27 { 1.97 | 1.87
90| 1.65(1,5 | 1.32{ 1.06 | 0.91 | 0.90
135 | 1.50 { 1.51 { 0,91 { 0.73 | 0.71 { 0.80
180 1 1.20 | 1.13 | 0.76 | 0.54 | 0.55 ] 0.59
University.......... 40° 06.29(567(7.28...... 2.66 | 1.63 | 1.00 810
45(3.72(3.07 (2702571216 | .49
90 | 1.68 (1,41 ]| 115|109 | 0.98 ] 0.98
135 | 1.73 | 1,05 | 0.77 | 0.73 | 0.72 | 0.83
180 1 1.26 ) 0.97 | 0.61 | 0.48 | 0.50 | 0.62
Federal Building...| 40° 0[4.50|5506)6.35(..... 3.23 | L76| 1.00 900
45 | 1.51 | 3.093.35 | 2.69 | 2.17 | 1.37
90| 1.16 | .19 0.99 |...... 0.95......
8|86 |44 | £ 0w 48 5p
* ) N 0 s 11 3, . -
University.......... 60° 4(_) i;; ;g ‘f% .1‘2% STy }% 1.00 | 1920 FIoURE 3.—Sky bngl}:allllgtegsn:lb méu,u:i.&lﬁﬁzr ef'éﬁ s mm?mated by X. Wash
5] . . . . . .
130 | 0:50 | 0.6 | 082 | 0.2 | 68 | o
180 | 0.65 | 0.5 | 0.45) 0.50 | 0.50 | 0.66 Figure 3 represents the sky br_iglliltness at Washington
Federal Bullding....| 60°| 0163 |188|219 3.24)...../ 188 | 100} 130  on the morning of July 5, 1921, with the sky covered with
90| 0.94| 0,67 | 0.61] 0.8 | 072 | 1,08 dense haze, but without clouds, and the sun 40° above
135 0.96 | 0.69 | 0.56 {...... 0.63 |...... 1 1 1
B0 oo o e &8 ae the horizon. The sky is much brighter than a clear blue
sky, except near the horizon opposite the sun.
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Figure 4 represents the mean of all the sky-brightness
measurements at Washington with the sun 40° above the
horizon, and the clouds so dense that neither blue sky
nor the sun 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 sky opposite the
sun is brighter when covered with clouds 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.

I !
T L T ————

bt !

F1aUBE 4.—Sky brightness in millilamberts. Sun’s gosition indicated by X. Wash-
) ington, D. C., sky covered with dense clouds.
ILLUMINATION FROM SKYLIGHT ON HORIZONTAL AND
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 azimuth70°,90°,
135°, and 180° from the sun. The process is a simple one.
As explained in the 1921 report,® the sky is divided into
zones 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
zlcill:lfes gives the total skylight illumination on the vertical
surface.

TasLe 4.—Illumination from skylight, Washington, D. C. .

On vertical surface.
On
Solar hori- | Azlmuth between normal to surface and sun’s
altitude. | zontal azdmuth. Zenith
surface. Mean. | bright-
ness.
0° 45° 70° 00° [ 135° 180°
Foot-candles. i ML
CLOUDY SKY.
1.2 56  5.8........ 6.4 6.7 7.1 6.3 15.8
2 298 280 foeeo.... 273 273 272 279 | 989
. .| 1,505 614 608 [........ 615 622 608 613 | 2,000
. 2,150 88t 941 |........ 977 932 920 932 | 3,600
L.4°...... 2,050 | 1,142 {1,103 |........ 1,118 {1,122 | 1,203 | 1,138 | 4,840
CLEAR SKY, SUMMER.
840 | 1,252 | 1,028 803 528 316 203
. 1,340 | 1,454 | 1,325 032 636 47 358
. 1,600 | 1,420 | 1,255 923 751 550 488
200 ..., 1,600 | 1,201 | 1,074 | 903 54 | 542 475
' CLEAR 8KY, WINTER.
67.8 64. 6| 630 7|aancuann 36. 6 30. 2 27.1
683 | 1,042 873 502 393 265 281
977 11,121 | 936 | 600 | 505 | 325 544

! Trans. lum. Enrg. Soc., vol. 16: 267; Mo. WEATHER REYV., Sept., 1021, 49: 485,
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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 confined 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 Figure 6 (winter conditions) with the
solar altitude as abscissas and illumination intensities
as ordinates. By interpolating between the curves it
is possible to determine the illumination intensity for

both summer and winter conditions on a vertical surface
: SOLAR ALTITUDE
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FI1GURE 5.—Curves of summer skylight llumination {ntensity on different surfaces,
Curve 1. Clear sky. Vertical surface facing 0° in azimuth from sun.
Curve II. Clear sky. Vertical surface facing 45° in szimuth from sun.
Curve 1II. Clear sky. Vertical surface facing 70° in azimuth from sn.
Curve IV. Clear sky. Vertical surface facing 90° in azimuth from sun. .
Curve V. Clear sky. Vertical surface facing 135° in azimuath from sun.
Curve VI. Clear skyk. Vertical surface facing 180° in azimuth from sant
Curve VII. Clear sky. Horizontal surface.
Curve VIII. Cloudy sky. Horizontal surface. (Note: Double the

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

facing at any desired azimuth from the sun, and with the
sun at any desired altitude. For spring and fall months
a straight-liné inferpolation has pbeen made ‘beétween
winter and summer values. ’

Measurements with the sun on the horizon were made
during the winter months only, and these measurements
have been used for summer as well. With the sun at
altitudes 20° and 40° it will be noted that the zenith
brightness in winter is approximately 70 per cent of the
corresponding brightness in summer. The percentage of
winter to summer illumination is somewhat greater than
this, since the brightness of the sky near the horizon in
terms of the zenith brightness is greater in winter than
in summer.

In the MoNTHLY WEATHER REVIEW for November,
1919, 47: 770-771, are given the altitude and azimuth
of the sun for the 21st day 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 42° N., in connection with the
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illumination intensity curves of Figures 5 and 6, Figures
7 to 18 have been drawn. Latitude 42° N. was selected
because many important industrial districts are near this
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rIGURE 8.—Curves of winter skylight illumination intensity on different surfaces-
Curve I. Clear sky. Vertical surface facing 0° in azimuth from sun-
Curve II. Clear sky. Vertical surface facing 45° in azimuth from sun.
Curve III. Clear sky. Vertical surface facing 70° in azimuth from sun.
Curve 1V, Clear sky. Vertieal surface facing 90° in azimuth from sun.
Curve V. Clear sky. Vertical surface facing 135° in azimuth from sun.
Curve VI. Clear sky. Vertical surface facing 180° in azimuth from sun.
Curve VII. Clear sl}:'y.' Horizontal surface.

latitude, and also because measurements made at Wash-
in%ton, latitude 38° 56’ N., and Chicago, Ill., latitude
41° 53’ N., represent fairly well the sky brightness at
this latitude east of the Mississippi River. Farther
west the clear sky is generally a deeper blue and not so

bright. Probably clear skies average brighter in low
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T16URE 7.—Variationsin skyli%1 t illumination on vertical surfaces differently oriented
at latitude 42° north on July 21. Cloudless sky. Foot-candles.

than in high latitudes, especia]l}' in winter. This con-

clusion is supported by Little’s measurements made

near Key West, Fla., in February, 1918, which give for
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the zenith sky brightness with the sun at altitudes aver-
aging 22.8°, 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
20.8°, and 41.2°, 296 and 495 millilamberts, respectively.
The latter are somewhat lower readings than- those
obtained at Washington in winter with similar solar
altitudes, while the Key West measurements are con-
siderably higher. _

Figure 7 shows the variations with the hour of the
day 1n skylight illumination on vertical surfaces, such as
the walls of buildings, differently oriented, on July 21,
at latitude 42° N. with a clear sky. The maximum
illumination is, of course, on a vertical surface facing the
sun. It faces about east-northeast at sunrise, east at
about 7:30 a. m., south at noon, west at about 4:30 p. m.,
and about west-northwest at sunset. The minimum
illumination is on a vertical surface facing 180° in azi-
muth from the sun, or about west-southwest at sunrise,
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F1GURE S.—Illumination from a cloudy sky on a vertical surface at latitude 42° north.

YFoot-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 8. 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 & 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 facing northeast, in the morning.

From Table 4 and Figures 8, 9, and 10 we derive the
following:

(1) With 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 considerably more than twice that on a ver-
tical surface, due to the fact that the point of maximum
brightness of a cloudy sky is in or near the zenith.

3) 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 is
not true with low sun, however.

The eight figures, 11 to 18, inclusive, give the illumi-
nation from clear skies on vertical surfaces oriented as
indicated. Were it not for the fact that clear skies in
July, August, Se.%tjember, October, and November, are
on the average whiter and therefore brighter than clear
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F1GURE 9.—Illumination from a cloudy sky on a horizontal surface at latitude 42° north- .
oot-candles. ¥1gURE 12.—Illuminatiou from a cloudless sky on a vertical surface facing northeast,
a. m., or northwest, p. m., at latitude 42° north. Foot-candles.
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FIGURE 13.—Illumination from a cloudless sky on a vertical surface facing east. 8. m.,
or west, p. m., at latitude 42° north. Foot-candles.

) T
FIGURE 10.—Illumination from a cloudless sky on a horizontal surface at latitude 42°
north. Foot-candles.
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Frauvek 11.—Illumination from a cloudless sk; on a vertical surface facing north at F1GUureE 14.—Illumination from & cloudless sky on a vertical surface facing southeast,
latitude 42° north. Foot-candles. a. m., or southwest, p. m., at latitude 42° north. Foot-candles.
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skies in May, April, March, February, and January, re-
spectively, the lines of equal illumination intensity would
be nearly symmetrical on each side of a vertical line
representing June 21.
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Table 5 gives a summary of comparisons between Wash-
ington and Chicago illumination measurements on a
horizontal surface, and on a vertical surface facing 180°
from the sun, under winter conditions.
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F1auRe 15.—Illumination from a cloudless sky on a vertical surface facing south at lati-
tude 42° north. Foot-candles.

These figures, like Figure 7, show the low intensity of
clear-sky llumination %uring the morning hours on a
vertical surface facing northwest and during the after-
noon hours on a vertical surface facing northeast. The
maximum illumination, slightly in excess of 1,400 foot-
candles, occurs late in August and in early September
at midday, on a vertical surface facing south; from the
end of Jufy to the latter part of September, on a vertical
surface facing southeast at 10 a. m., and southwest at
2 p. m.; and from early in June to the middle of August,
on a vertical surface facing east at 8:30 a. m. and west
at 3:30 p. m. Illumination on a vertical surface facing
north is good throughout the day in summer but poor in
winter.

F1GURE 17.—Illumination from a cloudless sky on a vertical surface facing west, a. m.,
or east, p. m., at latitude 42° north. Foot-candles.
TasLE 3.—Ratio, Chicayo/ Waushington tllumination from winter skies.
ON HORIZONTAL SURFACE.

Federal Building. University of Chicago.
Clear Cloudy Clear | .Cloudy
Solar altitude. sky. sky, Solar altitude. sky. aky.

0.49 0.48 0.69
1.05 1.03 0.56
0.84 H 1.14 0.76

ON VERTICAL SURFACE FACING 180° FROM THE SUN.
[, 0.42 0.85 0% iincaeicnannas 0.46 0.565
20°. . iiiieienecennae. 0. 0.54 [ 20°.ccueecenannnnees 0.84 0.56
2% caninaieeaenenn 0.62 0.85 || 20°...ocoeeeao..... 0.97 098
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Fi6URE 16.—IMlumination from a cloudless sky on a vertical surface facing southwest,
a. m.,, or southeast, p. m., at latitude 42° north. Foot-candles.

In the report for 1921¢ it 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-
brightness and the illumination measurements differ but
little from the corresponding Washington measurements.

¢ Mo. WEATHER REV,, Sept., 1921, 49 482 and 486.

F1GURE 18.—Illumination from a cloudless sky on a vertical surface facing northwest,
a. m., or northeast, p. m., at latitude 42° north. Foot-candles.

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 clouds are present, except when the sun is near
the horizon. The effect is closely related to the velocity
of the wind. With light wind, and especially when the
sky is covered with clouds, the smoke sometimes forms a
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cover or blanket of great thickness which cuts off prac-
tically all the daylight. A dark day results, and artificial
lighting is necessary outdoors as well asin. No such days
are included in the sky-brightness measurements for Chi-
cago here considered, although on January 4, with the
sun 20° above the horizon, the zenith brightness was only
150 millilamberts, and 2° above the horizon it averaged
only 37 millilamberts, while a measurement of the illumi-
nation on a horizontal surface gave only 34-foot-candles.
A comparison with the corresponding data of Table 4
shows that the zenith brightness was 15 per cent and the
illumination on a horizontal surface 5 per cent that for
Washington with average cloudy conditions and the sun
20° above the horizon. The measurements show that the
smoke cloud varied greatly in intensity during the period
of ebservation.

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

At Washington, with a clear sky, the illumination
measurements on both a horizontal and on a vertical
surface vary between 150 per cent and 60 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 illumination is about half as great as the average for
cloudy skies; with a sky partly covered with clouds, the
illumination on a horizontsa! surface may be 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 by Dorno,® it appears that
when expressed in terms of tﬁe zenith brightness the sky
at Davos Platz opposite the sun is brighter than at Wash-
ington. The zenith brightness in winter averages more
than 50 per cent brighter, and in summer a few per cent
less bright at Davos Platz than at Washington. On the
whole, Davos Platz skies when free from clouds are
brighter in winter and less bright in summer than at
Washington. Probably the increased brightness in winter
is ;d'fue in part to reflection of light from the snow-covered
surface.

TOTAL SOLAR AND SKY ILLUMINATION.

In the MoNTHLY WEATHER REviEW for November,
1919, 47; 785, Table 14, are given the illumination
equivalents of solar energy expressed in heat units,
with the sun at different altitudes. These equivalents
were derived from simultaneous readings made at
Mount Weather, Va., in 1913-14, with a pyrheliometer
and a photometer. The photometer hag its uncom-
pensated test plate exposed horizontally, and the error,
due to the ob i(ﬁl{l: angle at which the sun’s rays were
received, was unknown.

In the measurements made at Washington in 1921-22
a compensated test plate was used, and the certificate
furnished by the Electrical Testing Laboratories, New
York, shows no appreciable error due to an obliquity
in the}angle of incidence of the sun’s rays. Illumi-
nation intensities were measured with the test plate
horizontal and also normal to the incident solar rays,
but the latter measurements were given twice the
weight offthe former. Comparison of these measure-
ments with simultaneous pyrheliometric measurements

*Dorno, C. Himmelshelligkeit, Himmelspolarisation und Sonnenintensitit in

Davos 1911 bis 191S. Veroflentlichungen des Preusischen Meteorologischen Instituts.,
Nr.3u3 Abhandlungen Bd. VI, Tabellen ¢A und 6.
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give the illumination equivalents of Table 6. These are
considerably higher than the equivalents determined at
Mount Weather, and particularly with low sun, as one
would expect.

TaBLE 6.—1llumination_equivalent of 1 gram-calory per minute per
square centimeler of solur energy with the sun at different altitudes.

! | \ H
Air mass........ | .08 110! 150 2, 00! 2, 50! 3. 00! 3. 50! 4.000 4.50 5.00; 5.50
Solar altitude..| 70°0° 65°0) 42°7| 30°0] 23°5 19°3) 1674 14°3! 12°6| 11°3 10°2

Foot-candles. 1| 7,040 7,020/ 6,5%) 6,140; 0,650) 8,50 6,520 6,460, 6,410 6,370 6,320

By means of the equivalents of Table 6 and the solar
radiation intensity at normal incidence for latitude 42°
N., given in the number of the REVIEW above quoted
(p. 773, Tdble 5a), the solar illumination intensities of
Table 7 have been obtained.
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SGN FROM MERAN

HOUR ANGLE OF

FIGURE 19.—Total daylight illumination on a horizontal surface with a cloudless sky at
latitude 42° north. Foot-candles.

S ; i ! ' i ;

TaBLE 7.—Solar illumination intensity at normal incidence at latitude
42° north, with a cloudless sky (east of the Mississippi River).

Hour angle of sun from meridian.

Day.
0 1 2 3 4 5 [} 7
7 7300 | 6640 | 5190
8120 | 7800 | 7290 6040
9140 9040 8440 7450
9270 9110 8710 7910
9230 9060 8500 3300
9070 8990 8630 8140
0050 | 9000 ; 8740 8220
9070 8900 8670 8140
§810 8710 8390 7530
2910 8760 | 8510 7710
8510 §420 | 7960 6910
8120 ( 7 7290 5960

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

Iy=1, sin a and (4 )]
I, =1, cos a cosa (2)

where a is the altitude of the sun, and « is the difference
between the sun's azimuth and the azimuth of a line
normal to the vertical surface. The surface will be
illuminated by the sun only when the value of a is less
than 90°.

Adding the values of I, to the skylight-illumination
values for 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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FIGURE 20.~Total daylight illumination on a vertical surface facing south with a cloud-
less sky at latitude 42° north. Foot-candles.
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FIGURE 21.—Total daylight illumination on a vertical surface [acing southeast, a. m.,
or southwest, p. m. with a cloudless sky at latitude 42° north. Foot-candles.
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F1GURE 22.—Total daylight illumination on a vertical surface facing southwest, a. m.,
or southeast, p. m., with a cloudless sky at latitude 42° north. "Foot-candles.
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FIGURE 23.—Total daylight illminination on a vertieal surface facing east, a. m., or
west, p. m., with a cloudless sky at latitude 42° north. Foot-candles.
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FIGURE 24.—Total daylight illumination on a vertical surface facing northeast, a. m.,
or northwest, p. m., with a cloudless sky at latitule 42° north. Foot-candles.
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1ess sky at latitude 42° north. Foot-candles.
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Similarly, by adding the values of I, for vertical sur-
faces facing the eight principal points of the compass
to the skylight illumination for corresponding days and

1/

FIGURE 26.—Deternination of the angle of incidence of solar rays with a sloping surface.

hours given on Figures 11 to 16, inclusive, we obtain
the total darlicht illumination on vertical surfaces
facing south; southeast 2. m., or southwest p. m.; south-
west a. m., or southeast p. m.; east a. m., or west p. m.;
northeastja. m., or northwest p. m.; and north; as given
on Figures 20 to 25, inclusive.
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FIGUBE 27.—Stereographic projection
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It is to be noted that with north solar declination al
vertical surfaces receive direct solar radiation during
only a part of the day. During the remainder of the
day the total daylight illumination is the same as the
skvlight illumination on Figures 11 to 18, inclusive.

The data of Figures 1 to 25 inclusive, assume that the
surface under consideration has an unobstructed ex-
Fosure. to the sky. Where a part of the sky is cut off
by adjacent buildings or other obstructions, the shading
effect of such obstructions may be determined by the
method given in the previous report.®

This shading effect, and also the reflection of day-
light from surrounding objects, will receive more de-
tailed consideration in a later report.

DAYLIGHT ILLUMINATION ON SLOPING SURFACES.

The intensity of solar radiation on surfaces sloping
in different directions should be of importance to agri-
culturalists and engineers.” Illumination intensities on
such surfaces are of especial interest in connection with
the lighting of industrial plants by means of the so-called
saw-touth-roof construetion.

The computation of direct solar illumination on sloping
surfaces presents no s‘pecinl difficulties. Let v, Figure 26,
represent the angle hetween the sloping surface and a
horizontal surface; w, the difierence between the azi-
muth bearing of AF, the intersection of these two
surfaces, and 4B, representing the sun’s azimuth; and
r, the angle between the intersections of a plane in the

6 Trans. Ilum. IEngr. Soe., vol. 16,

pP. 270: Mo. WEATHER REV., Sept., 1921, 49: 486.
7Mo. WEATHER REV., Nov., 1019, 472 751, P SR L

of sky-brightness measurements on a sloping surface.
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sun’s vertical with the sloping surface and with a hori-
zontal surface. Then

tan z=sinw tanv, and a’=a+ x (3) ®
where g is the altitude of the sun and ¢’ 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 ¢’ for a in
equation (1).

We may also obtain a’ by first determining the lati-
tude and longitude of a point at which a horizontal sur-
face is parallel to the sloping surface, by the method
given in the MoNTHLY WEATHER REVIEW, November,
1919, 47:781.° Making allowance for the difference in
time represented b(f the difference in longitude of the
sloping surface and its parallel horizontal surface, we
may obtain directly from an altitude table the altitude
of the sun at the latitude of the horizontal surface, and
therefore the angle ¢’ which the incident solar rays make
with the sloping surface at any hour of any day of the

ear.
y The computation of the skylight illumination on sloping
surfaces requires the replotting of the sky-brightness
measurements for each surface considered.

Figure 27 shows the data for a clear sky with the sun
at altitude 40°, projected on a surface for which 90° —w =
45° and v =10° (surface 80° out of the vertical and facing
45° in azimuth from the sun). In this case the zenith ot
the sky falls 10° from the zenith of the sloping surface.
The line of the horizon from azimuth+45° to —135°
with reference to the sun, and the lines on which the sky-
brightness measurements are to be plotted, have been
determined by means of the methods given under “ Solu-
tion of Problems in Stereographic Projections” (pp.52-58),

8In Daylight vs. Sunlight in Sawtooth-Roof Construction, Transactions American

fSo(ﬁ!iety of Mechanical Engineers, 40:603-625, W. S. Brown derives this equation as
ows:
E
%JS% ."« AE=ED cot v.
Similarly, 4 B= ED cot z: and sin w _:%_::%_: » from which tan z=sin w tan r.

9 NoTE.—In lines 15 and 16 from the bottom of the second coiumn of the page referred
to, the words “longitude’” and ‘latitude’” should be interchanged. The difference in
latitude between the sloping surface and its parallel horizontal surface is given by the
equation
cos a’
cotv’

and the difference in longitude by the equation
8in A A==sin @’ sin v

where « 1s the azimuth in which the sloping surface faces, and v its angle of slope. When

a’={" or 180°, sin AA=0, and tan A ¢=tan v. That is, the sloping surface and the

gamllel horizontal surface have the same longitude, and the ditference in latitude equals
he angle of slope, v.

fan A ¢gu=
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in General Theory of Polyconic Projections, by Oscar S.
Adams, United States Coast and Geodetic Survey, Special
Publication No. 57, Serial No. 110.
It 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 cirele falls on a given line.
r, it may also be determined by passing a circle through
three given points, as is the location of the lines on which
the sky-brightness measurements are to be plotted.

TaBLE 8.— Total illumination on surfaces sloping sowth.

Hour angle of the sun from meridian.

o
-
(]

Date.
Foot-candles.

Surface sloping 10° from horizontal.

4,510 | 3,500 | 2,280 | 656
5500 | £560 | 2910 | 1,140 | -
7,620 1 6,280 | £430 | 240
$500 | 70660 | 5,350 | 3,660
9750 | S0 | 7,010 | 4,910
10,20 | 9,110 | 7, 5,570 |
10,530 . 9,160 | 7,53) | 5,820
10,380 © 9,270 | 7,610 | 5,700
9,660 © §,5% | 6,920 | 4790
§730 1 7,730 | 5,910 | 37201
720 | 6000 | £280] 2280
5,640 | 4,590 | 2,500 | 1,070 f_.........1ll

Surface sloping 20° from horizontal.

4,600 2,%0 | 900 |.........
5460 | 3,600 | 1,490 |.2002700)
L0 | 51 [ 2910

250 | 6,310 | 3940 1,
9,050 | 7,250 | 4950 | 2
o0 | 7,510 0 5,400 | 3]
9,460 | 7,750 | 5610 | 3,
9,3% | 7,58 | 5,570 | 3,
S50 | 7130 | 4,880 2
£,310 | 6,260 | 3,080 1,
6,800 | 4,020 | 2630

5,500 | 3,580 | 1,380 |........

7,20 | 6,650 3,410 | 1,140
7790 | 7,380 [ 6,100 | 1,150 | 1,8%
0600 | 9,220 7720 ! 5,68 | 3,250
100640 | 9,900 | 500 | 6,550 | 4,110
11,100 | 10,340 | 9,040 ! 70120 | 4,870
10,960 | 10,3 | £,090 | 7,260 | 5,100
10,970 { 10,320 | 9,150 | 7,430 | 5,200
1,060 | 10,400 | 9,120 | 7,300 | 5,220
10,910 | 10,210 | /900 | 7,020 | 1,650
10,520 | 9,960 | &,600 | 6,650 | 4,150
9,250 | 8,700 | 7,420 | 5,380 | 2,840
3,050 | 7,410 | 6,230 | 1,160 | 1,680
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TaBLe 9.—Total illumination on surfaces sloping toward southeast or southwest.

Date.

Hour angle of sun from meridian.
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A. m. for surface sloping 8E.; p. m., SW.

P. m. for surface sloping SE.; a. m., SW.
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Surface sloping 10° from horizontal.
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TABLE 10.—Skylight illumination on surfaces sloping north.

Hour angle of sun from meridian.

TaBLE 11.—Skylight illumination on surfaces sloping northeast or

northwest.

ENENER

Date.

Foot-candles.

Surface sloping 10° from vertical.

Nov.2L...........

310 25 221
330

310 259

Hour angle of sun from meridian.

76 |5 |-4a(3|2|1v]o[1]2]3[4]5]86]7

A. m., sloping NE.; p. m., sloping | P. m., sloping NE.; a.m., slop-
Date. , ping W P 4 ping ) ing NW. » 810P:

Foot-candles.

Surface sloping 10° from vertical.

330 345 235

4 302
450 441 421
575 524 572

873 913
920 ( 1,035 | 1,028
917 oN

202| 389 3% 335 317| 298] 188
418] 351( 330f 307 245|
445! 375| 340 308
54| 465| 425 373! 370
700, 550 527| 55| 410
815 624| 575| 540! 485
900| 661| 500 500! 533
870 660/ 600} 585| 510
30| 10| 538 520 465
655 520( 470} 420] 400]
520] 02| 3a%] 335! 31
4ss| 373 315! aos| 242

(1)10
]3%}:2101,070 s00| 730 685

424

440 391] 370], 308| 225
525 4138| 385 340
565 440| 4201 380
660 547

50 810 678) 625| 550 485
901,125 935 747| 690) 855

630
,195/11,020 792 715| 675( 605
20(1,0801 920 760| 685| 610| 535!

750 6%1 402 %

513) 556 440 394 340| 275

Surface sloping 30° from vertical,

ss7| 340
422! 375| 204) 164|. "
28
640| 570 488
785 650
330| %00| 665| 530
855! 840
70| 835
50| 720
627 585
505 470
440 380| 285
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. TaBLE 12.—Ratio of total illumination, T, to sky illumination, S.
CLOUDLESS SKY, LATITUDE 42° N.

Hour angle of sun from meridian.

Date. 0 1 2 3 4 5 6 7

T, vertical surface facing south; S, vertical surface facing north.

29 7 22 22

28 26 22 17
13 12 10 7
'] 7 5

12 11 9 ()

25 -] 20 15

T, surface sloping south 10° from horizontal; 8, sloping north 10°
from vertical.

18 16 13 10 ]
2 21 18 13 8
20 18 16 12 0
19 16 12 10 8
18 16 14 11 8
20 19 16 1n 7

T, surface sloping south 30° from horizontal; 8, sloping north 30°

from vertical.
19 18 16 14 10| -..... -
20 18 13 10 5
15 14 12 10 ] 4
13 11 9 7 5 3
13 12 11 8 6 4
20 18 15 11 8 3

HOUR ANGLE OF SUN FROM MERIDIAN.

7186

5‘432101234567

T, surface facing SE., a. m., or T, surface talc‘:ing SW,,a.m,, or

SW., p. m. SE., p. m.
Date. 8, surfacs tacln'g%lw., a.m., or 8, surface facing NE., 8. m., or
- NE, p.m. NW.,p.m.
Surfaces vertical.
12 7 2 0.7 |.ceolenaeclanane
10 4 0.8|0.6{0.5.....000c..
4 0.9(0.6]0.410.3]0.3
1.6(0.7|05[0.3 0.
3 0.9106({0410.30.
9 4 0.9 0.8

0° from horizontal; 8, 10° from vertical.

14 151 14 111 8 6 b PR N -
1611921 15 |1l 7 4 L2.....L....
1811918 |17 [13 (10 (] 4 2 0.51.....
186117117 | 16 (11 8 5 4 2 0.9 0.4
16 117 | 18 | 15 |11 8 8 4 2 0.414.....
15119 (20 | 18 12 9 6 3 LO ... ]eees

Dec. 8 [5 |08
Feb. 21. 8 4 1.6
Apr. 21. 7 |4 |24
June 21 5 4 1.9
Aug, 21 8 3 L7

. ] 4 1.4

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 slopi.nﬁ in southerly directions,
as indicated. In Tables 10 and 11 is given the skylight
illumination on surfaces sloping in northerly directions
as indicated. In Table 12 is given the ratio of the total
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illumination to the sky illumination on surfaces facing
opposite each other in azimuth. '

able 8 shows that in general on surfaces sloping south
and with south solar declination the total illumination
increases with . 'With north solar declination the illumi-
nation reaches a maximum in the middle of the day
when » 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 llumination with
increase in v, except near midday in midsummer with »

reater than about 20°. Also in the morning, on sur-
aces facing southwest, and in the afternoon, on surfaces
facing southeast, the illumination generally decreases
with increase in v, except near midday with south solar
declination.

Tables 10 and 11 show an increase with v in skylight
illumination on vertical surfaces sloping northward, as
one would expect. It must be remembered, however,
that with sawtooth construction a very considerable part
of the skylight is cut off by shading. This is unimportant
when considering the total illumination on surfaces
sloping in a southerly direction, but becomes important
in connection with the skylight illumination on surfaces
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
6=the maximum angular width of the spherical lune of
the sky cut off. Then Table 13 gives the percentages of
decrease in the skylight illumination,® due to shading
by the adjacent saw tooth.

Table 12 shows that during most of the working hours
of the day (except in midsummer) the total daylight
illumination on surfaces sloping southward exceeds by
more than tenfold the skylight illumination on surfaces
sloping northward.

TABLE 13.—Shading effect in saw-tooth-roof construction.

Solar altitude.
90°—w, 0
20° 40° l 60° 70°
PERCENTAGE OF SKYLIGHT CUT OFF.

° Surface 10° out of vertical. °
180 32 24 20 17 10
135 26 25 18 17 10

90 25 19 17 15 10

Surface 20° out of vertical.
180 2 | 3w | 3 . 2
Surface 30° out of vertical.

180 39 33 24 21 20
135 38 28 23 21 20
90 34 26 24 18 20
180 53 “ 33 31 30
135 ] 41 33 28 30
90 46 37 33 30 30
Surface 60° out of vertical.

0 19 11 6 6 10
45 14 9 [} 5 10,
90 9 7 ) 4 10

0 53 39 23 21 30
45 44 32 22 21 30
90 28 2 18 16 30

Surface 80° out of vertical.

0 11 [} 3 3 10
45 9 5 3 3 10
90 4 3 2 2 10

0 35 29 18 15 30
45 32 21 13 12 30
90 16 12 10 9 30

0 64 54 36 30 50
45 85 42 28 27 50
90 30 23 20 19 50

19 Note.—The g:ercenta of Table 13 have been computed from Figure 27 and other
similar figures. also Trans. Illum. Engr. 8oc., vol. 16, p. 270, and Monthly WEATRER

REVIEW, 8Sept., 1921, 49: 486,
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Computations from the sky-brightness data given in
Transactions Illuminating Engineering Society, vol. 16,
p. 260, Figures 6 and 7, show that skylight illumination
on vertical or sloping surfaces facing away from the sun
is about twice as intense when the sky is covered with
thin clouds or haze or partly covered with white clouds,
which is its usual congition, as when clear. The total
(solar +sky) illumination on surfaces facing the sun is
usually diminished by the presence of haze or clouds
of the above character. In consequence, when the
angle w lies between about 45° and 135°, the ratios of
Ta.%le 12 will be diminished, on the average, by at least
one-half, and will vary in value from their maxima with
clear-sky conditions, given in Table: 12, to about 2.0
for a sky completely covered with dense clouds. This
will be made clear from a comparison of the sky-bright-
ness data of Figures 4 (opposite p. 259) and 13 (p. 263)
with Figures 6, 7, and 8 (p. 260) and 11- (page 262),
Transactions Illuminating Engineering Society, vol. 16,
October, 1921, and Fiﬁure 3 (p. 617) of this paper; and
by reference to the illumination intensities of Table 4
(p. 618) of this paper.

FIGURE 28.—Cross section of a saw-tooth roof.

These ratios are of use in computing the daylight that
can be made available for illuminating working space in
a building through saw-tooth-roof construction. In

eneral, there are two sources from which the light may
%e obtained as follows:

(1) Light-from the northern sky incident at the work-
ing space, or reflected thereto from the ceiling of the saw-
tooth roof (sky angles S, to S,, and S’, to S”’,, respectively,
fig. 28).

g(2) Solar and skyliiht reflected from the outside
surface of the saw-tooth directly to the working space,
or through a secondary reflection from the ceiling of the
saw-tooth roof (roof angles ¢, to 0, and ¢, to ¢’’,, fig. 28).

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

Assuming the ratio of the intensity of the total light
reaching the southerly—slolilin roof surface of a saw-tooth
window, AB (fig. 28) to t e%ight received from the sky
on the northerly-sloping window surface C'D’ (fig. 28)
to be 4, Brown  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 sloping 20° from the
vertical, and a roof surface slopinég south 20° from the
horizontal. Let the latitude be 42° north, the sky clear,
the date March 21, and the hour 10 a. m., or 2 p. m.,
apparent time. The solar altitude will be 40° and its
azimuth 41°. Disregarding shading, Tables 8 and 10

1 Loe. cit., p. 620.
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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 wedge near the horizon for
which the average value of 6 would be about 10°. The
window is facing 139° from the sun, and from Table 13 itis
estimated that the shading by the roof diminishes the
skylight illumination at the window surface 20 per cent.
The roof between B and E will be in sunlight, and between
E and A it will be illuminated by skylight only. We
may therefore disregard the small quantity of light this
latter can reflect to the under side of A’B’. The sky-
light from a spherical lune near the southern horizon for
which 8 averages about 30° will be cut off from BE by
the adjacent saw tooth. From Table 13 we estimate that
the illumination from skylight will be decreased by about
27 per cent. Therefore, the available sky illumination
on the north-sloping window surface is 471X0.80
=377, and on the south-sloping roof surface it is 1,100
% 0.73 =800 foot-candles. The total llumination on
the south-sloping roof surface is 7,950 foot-candles, and
its ratio to the illumination on the window surface is
7,950/377=21. 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 clear-sky conditions, or even
for the most usual sky conditions, when thin clouds or
haze, or scattered white clouds are present, most of the
daylight received through a saw-tooth-roof window will
be from thereflection of siyli ht and sunlight from the roof
of an adjacent saw tooth. %n cloudy weather, however,
nearly all the light will be received frem the northern sky.

No attempt has been made to express the illumination
intensity at the working space in absolute units. In order
to do s0, it is necessary to know the average of the solid sky
angles S, and S,, and of 8, and 8”’, (fig. 28); the bright-
ness of the sky included m each of these angles, from
which the sky illumination may be computed; the
solar illumination intensity on the roof surface BE;
the solid roof m:xgle t,, and the average of thesolid roof
angles t’; to ¢",; the coefficients of reflection of
the surface of the ceiling A’B’, and the roof, BE; the
solid angle subtended by the ceiling at the working space,
and the angle at which light is incident at the roof or the
ceiling, and is received at the working space either di-
re(_:lt:,ly or by reflection from the outside roof or the inside
ceiling.

Of %he above factors the brightness of the sky and the
intensity of the solar illumination are given with reason-
able accuracy in this paper for latitude 42° N. The re-
maining factors depend upon the design of the saw-tooth
roof and its window openings, and must be determined °
for each individual case,

During the winter months, in a smokﬂ city like Chicago,
disregarding the probable decrease in the reflecting power
of the ceiling of A’B’, and the roof surface BE, the abso-
Iute values of (1) and (2) can not exceed 2/3 and 1/2, re-
spectively, of their values in a comparatively smokeless
region.



