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The Problem.

With the exception of certain erater-rlms (e.g., Pro- 

nine) , which exhibit brilliant epeenl&r reflection, the toon presents a 

highly porous dlffttelng surface. The shadowing effect of the irregular

ities in the surface is evident In the rapidity with which both the in

tegrated magnitude of the whole moon(l)(2) and the surface brightness of 

small areas(3) (4) fall off with increasing phase-angle. As a consequence 

of the unevenness of the porosity, an analytical expression representing 

Intensity of reflected light at all phase-angles can not be easily deri

ved and is only approximately valid at beet, but when the angle Is small 

the surface brightness Is practically constant over the whole lunar disk 

for similar formations. This Important relation, pointed out by Barebe- 

eoheff(5), means that the reflectivity of a rook area does not vary with 

the angles of Incidence (1) and of enjma.tlon (ej as long as 1 is equal to 

e , so regions with greatly different selemographic coordinates, when 

observed near full moon, may be compared dlreetly, in regard to reflec

tivity, with one another and with terrestrial rooks.

Perhaps the first to undertake a quantitative study of 

the optical properties of the moon as a function of the wave-length re

flected was Theodore Petrueoheffsky, of the University of St. Peters

burg, who. In 1877, announced In the Astronomlsohe Nachrlchten(6) that 

he was beginning a series of visual observations with a spectrophoto

meter, but, since he appears never to have published anything more on 

the subject, hie name has only historical Interest. Although W. Krttger



(?) obtained photographs through color filters, no aoourate measurements 

of lunar color differences were obtained until Wllalng and Schelner(8)

(9) carried out their extensive investigations between 1908 and 1913. 

Employing the most accurate methods of visual spec tro-pho tome try, they 

compared the reflectivity of 8 areas on the moon, la 10 spectral regions, 

with that of 47 rocks. They reached some general conclusions as to the 

composition of the lunar crust, but their chief service lay In showing 

that the variations in color la the wave-length band studied were not 

sufficient to permit of exact identifications, thus demonstrating the 

need for an extension of the measurements beyond the visual limits. In 

the meantime B. W. Wood(10) (ll) was pointing out the path to be followed 

in this development. By taking photographs, by the use of metal mirrors, 

through filters which Included one transmitting the ultra-violet as far 

as 5100A, he was able to point out differences In the behavior of separ

ate regions which were far greater than could be obtained in the visual 

spectrum alone. In particular he showed that the color curve of a spot 

just east of the crater Aristarchus coincided closely with that of a 

rock previously exposed to the fumes of sulphur, and suggested that by 

extensive comparisons of this sort a real lunar petrography could be 

built up.

Following the pioneer work of Wood, Xiethe and See- 

gert(18) at Cfoarlottenberg prepared three-color photographs by superpo

sing stained images made through filters, one of which transmitted be

tween 3800 and 3600A, but they again drew only qualitative conclusions 

as to the color differences, attempting nophe tome trio measurements.

More recently(1924-26) measurements have been made by K. Barabaseheff



(13), who sasplojnd three filters with maxima of transmission at MOO, 
8000, and 4000A, respect ire ly. Thus his working range was actually lit
tle more than that of Wllslng and Sohelner. However, by cougar lag his 
Observations with the letters* data for rooks, and combining the re

sults with those of polarisation measurements, he was able to ires 
some rather suggestive eoneluslene as to the types ef rocks which may 

be present on the moon.
Within the past year W. H. Wright(14) has published 

exeellent Infra-red and ultra-violet photographs which render still 
mere strikingly the contrast differences previously observed. Such dif
ferences have also been brought out, to a limited extent, by gets and 
Heeenberg(li). The former measured the photographic surface brightness 
of 66 lunar areas, referred to the mean, and Rosenberg applied a sur

face photometer to the determination of visual brightness for the same 
spots. The differences between these quantities, taken in the sense 
ifootegraphle minus visual, are somewhat analogous to the color Indices 
of stars. Rosenberg shewed that these regions which Hlethe and Seegert 
had found to reflect most strongly in the ultra-violet gave consistent
ly positive results, whereas the reddish parts gave negative differen

ces. : - - 1 • - : ■. ■t
If to this summary of photometric data are added the 

measurements of angle ef polarisation by Lenderer(16)(17), Sarabaeoheff
(18), and i. S. Wri(^t(19), end the work of 0oblents(20), Pettit and 
Richolson(21), and %stela(2gj on Vmax temperature and Its rate ef 
change during an eclipse, we have the available direst observational 
evidence bearing on the question of the composition of the moon’s crust
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A detailed dleouesloa of the ooaoluelone which may safely be derived 

from an Interoonparlson of this material would be out of place here; It 

is sufficient to point out that the results are unsatisfactory. It Is 

still Impossible to say definitely what material makes up any portion of 

the moon’s surface, and until an established petrography of the moon ex

ists any discussion of lunar geology must remain largely guesswork. In 

particular, there is need of photometric data, for, although the Mount 

Wilson Observatory has begun a comprehensive investigation of the whole 

subject(23), of which the papers of %etein and F. B. Wright are the 

first results, no photometric material is yet available from there, and 

in any ease the amount of ground to be covered is so great that indepen

dent work is advisable.

The desiderata are two-folds

1. - Measurements of surface brightness on the moon 

extending beyond the visible spectrum into the ultra- 

violet on the one end and the infra-red on the other.

2. - A homogeneous set of data for terrestrial rocks 

that will be directly comparable with the lunar obser

vations.

The present investigation establishes in detail a method 

for the attainment of these objects, and offers preliminary data ful

filling the first requirement for certain representative regions on the 

moon. Accomplishment of the second must wait for a more complete theo

retical and experimental study of the optical properties of diffuse re

flection from opaque substances than now exists. Only |hen will a satis

factory interpretation of the empirical results be possible.
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Obearratioas.

The photographs of the moon were taken in the 45-ft. 

Oassegrain fooas of the 56-laeh refleetor of the Steward Observatory, 

At this fooal dlstanoe the diameter of the Image of the moon averages 

5 l/e Inches, which was a convenient else for measurement, and at the 

same time the exposures required were not longer than three minutes 

at full moon, even with the darkest filters. Since the double-slide 

plate holder employed carried plates 3x3 inches. It was not possible 

to take the whole disk with a single exposure. For this reason two 

sections of the moon, one in the western half and including the Marla 

Serenltatls and Tranquilitatis, and one in the north-east, centered 

at Aristarchus, were chosen for observation; of the remaining parts 

only enough plates were taken to provide a good determination of the 

average brightness of the entire moon.

After exposure tests extending over several months, 

six filter and plate combinations defining different spectral regions.

as shown in Table 1, were adopted.

Table 1.

Filter Color Transmission Range 
(Angstroms)

Mean Effective 
Wave-length

Plate

Wee Infra-red 6900- 7400 East. Kryp. 
tocyanlne

Wee Bed 6900- 7000 W.&W. Pan
chromatic

W#62 Green 6100-6700 6300 East. 35
W#M!#60 Bine 3800-4600 4400 East. Process
W2&W36 .Violet 3600-4600 4100 East. Process
W#18A Ultra-violet 3100-3700 3300 East. Process
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Standard Wratten gelatine filters were used, with 
the exeeption of Bo.ISA, which was cemented in glass and cut square, 
two inches on a side. The gelatine filters were mounted on circular 
metal rings with a clear inside diameter of 2 3/8 inches, which were 
easily slipped in and out of a spring holder designed for the purpose 
by C. Q. Keenan.

The observational data for the plates included in 
the tabulation of measurements are given below. The total number of 
photographs taken of the moon during the investigation was 241, of 
whioh the greater number were preliminary exposure tests.

Table 2.
Beeord of Observations

Plate So. Date(0.0.T.) Age of Moon Filter Exposure
1930,Feb.

1386 10d4h20m 11.4 days V.*6* 2m
1389 10 4 50 11.4 w#ee(p) 1m 45s
1390 10 4 52 11.4 W88(K) . 10
1391 10 5 10 11.4 W#18A 5
1392 10 6 15 11.4 WI2&W80 . 5
1393 10 5 29 11.4 #2&W#36 •• 5
1394 10 5 30 11.4 Vr#2&W#36 6
1396 10 5 42 11.4 WI2&WB0 5
1396 10 6 47 11.4 W#16A 5
1397 10 6 1 11.5 1168(1} 10
1398 10 6 4 11.6 w#ee(p) 1 45
1400 10 6 24 11.6 H62 2
1407 11 6 54 12.5 Vi’#2&V.’#36 5
1408 11 6 43 12.5 W#2&W#S0 6
1409 11 7 6 12.6 S#18A 5
1410 11 7 18 12.5 ##88(K) 10
1411 11 8 16 12.6 # 8 8 (PO 1 45
1413 11 8 40 12.6 #62 2
1414 11 8 52 12.6 W#62 2
1416 13 6 8 14.6 #62 2.'
1417 13 6 12 14.5 #62 2
1422 13 7 00 14.6 #88 (P) 1 46
1423 13 7 4 14.5 #68 (P) 1 45
1424 13 7 16 14.6 #88 (K) 10
1426 13 7 16 14.5 #86 (K) 10
1426 13 7 30 14.5 #18A 5
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Plate So. Date(0.C.I
1930,Fob. 

14ST 13d7h31m
1428 13742
1429 13 7 44
1480 13 7 56
1431 13 7 57
1432 13950
1433 18 9 54
1466 15 6 32
1487 15 6 49
1466 15 6 54
1459 15 6 58
1460 15 7 17
1462 15 7 42
1463 15 7 45
1465 15 8 9
1466 15 6 20
1467 15 8 30
1468 15 6 89
1469 15 S 44

) Age of Moon

14.8 days 
• ; 14.8 ,

14.5
14.5

. 14.5
14.6
14.6
16.5
16.5
16.5
16.5
16.5
16.5
16.5
16.6
16.5
16.5
16.5
16.6

Filter Exposure

V#18A Om 6s
m m m m ., 5
WlMWSO ■

5
5

# 8 8 (P) 1 80
W#2&*#36 4
W#24S#S6 ■.
W#2dW#80 - 6
#18 A 5
#88 (I) 12
#88 (P) 1 48
#62 2
#62 2
#68 (P) 1 45
#60 (K) 12
#18A @

W#2&#80 6
# M # 8 6  ' 6

For calibrationa sensltoneter oenelsting of a neu

tral photographic wedge illuminated through the same filter* as used 

on the moon was employed. Because of the small else of the plates it 

was necessary to impress the wedge images cm separate plates, hut in 

every case the corresponding wedge and moon plates from the same emul

sion batch and were developed together. The developer was an x-ray 

solution recommended by Hubble and adopted &• the standard for photo

metric work here.

In order to relate these moon plates to photographs 

of rooks, to be worked up later, an ordinary 4x5 plate camera, kindly 

lent by Dr. Carpenter, with holders for a set of small filters corres
ponding to the larger ones, was clomped to the telescope on the first 

three observing nights, and photographs of the moon were made on



Figure 1
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plates containing also Images of the sensitoawter wedge and of a rook, 
illnalnated at normal inoldenoo by sunlight, to be used as a standard 

In all subsequent measurements of rooks. Observational details are not 

given for these exposures, as they were not need in obtaining the re

sults presented In this paper.

Measurement and Reduction.

The plate densities were measured with a Hartmann 
visual mioropho tome ter having an opening l/@ inch in diameter, corres
ponding approximately to ten miles at the center of the moon's disk. 
The area In square miles over whieh the brightness was Integrated for 
each measurement was thus of the order of 7SeecZ, where % Is the angle
between the line from the observer to the center of the moon and the

perpendicular to the moon's surface at the measured point.

In measuring each area, 4 settings of the photo
meter scale were made except when the maximum difference between Indi
vidual readings exceeded 0,1 scale division, in which ease 5 settings 
were taken In forming the mean. The data of this Investigation repre
sent more than §600 individual settings.

All of the areas measured on any plate are indica

ted in Figure 1, in which Worth is at the bottom of the page and Bast
is at the left. For those points measured in all six colors. Table S
describee the locations and gives the selenographio coordinates to the 
nearest ten minutes. The remaining areas numbered on the map were nee
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eared in red and violet light only and used as supplementary points la 

determining the average brightness for the whole moon, this procedure 

was necessary In order that the averages from points in the two separ

ate regions studied would be consistent.

•Table 3.

List of Observed Areas on the Moon.

Ho. Description Longitude Latitude

1 Bright ray In northern part of
Mare Foeoundltatls 513 30' 1 00'

2 northern part of Mare ffoeoanditatls 317 00 - 1 40
3 Xare Beoteris, H.W. of KUdlor 327 40 -10 40
4 Mare Beoteris, W. of Midler 329 00 -12 20
5 S. B. quadrant of Theophilus 334 60 -11 10
6 Highlands 3. of Censor lane 326 20 0 50
7 Southern part of Mare Tranquilltatis328 40 1 10
8 Western part of Mare Tranquil1tatis 325 60 10 40
9 Pains Somali 318 00 15 50
10 Mare TranquilitatIs 323 50 6 00
11 Mare Berealtails 346 30 27 30
12 Center of Dionysius 342 60 2 50
13 Plateau W. of Codin and Agrippa 348 40 2 50
14 Wall of Hipparchus W. of Horrooks 252 40 - 4 10
16 Mare Tranquil 1 tails, 21. of plialus 386 SO 16 40
16 Southern part of Mere Seremitails 334 50 21 10
17 Plateau 3. of L® Konnler 329 10 24 40
18 Taurus Mountains 319 10 28 30
19 Western edge of L'are Serealtails 331 30 27 50
20 Mare Serealtails 543 00 23 40
21 Manillas 361 10 14 30
22 Mare Taporum 363 50 10 10
23 Plateau W. of frleeneeker 366 00 5 10
24 Apennines, southern slope 356 10 22 20
30 Western rim of Copernicus 18 30 9 40
31 Bright region 1. of Copernicus 23 20 11 10
32 Mare Imbriua 26 50 25 10
39 Mare Serenitails 340 40 17 40
41 Bright ray E. of Kepler 41 50 7 10
42 Aristarchus 47 10 23 20
43 Wood's spot 52 20 27 30
44 Wood's spot 53 50 27 00
45 Wood's spot 52 00 29 10
46 "Ooeanus Prooellarum S. of LlohtenbergSS 00 29 20
47 Ooeanus Prooellarum 8. of Arlstarchus48 00 21 30
48 Kepler 37 40 8 00
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la reduolag the photometer readings to relative 

Intensities It was necessary to oorreot for the variation of the 

wedge constant with wave-length. This was done by exposing plates 

through the same set of filters to two apertures having different 

known areas. Since the density-scale reading curve for the wedge was 

practically a straight line within the working range, it was possible 

to determine from the correction plates the slope of this line for 

each color, and from that to compete the relative transmission cor

responding to each scale division on the wedge. Tho wedge constants 

found In this way agreed with those estimated by Inspection from a 

neutral filter density curve furnished by the Eastman Kodak Company.

From the corrected calibration curves it was then 

possible to transform the individual photometer readings Into rela

tive light intensities, i.e., relative reflectivities. In Table 4, on 

the following page, these intensities, expressed In terms of their 

average, are tabulated for the infra-red plate and filter oosblnatlon. 

Exactly similar tables were made for each of the other 5 filters, ex

cept that with W#62, W#86(P) and W#2&W#36 6 plates were used in each 

color for the western region, instead of 5, as here. It is unnecessary 

to repeat the others, as the number of measures of each area and the 

range of variation In the measurements was closely the same for all 

combinations.
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fs61e 4n

InAirldual Plata Determinations of Brightness of Lunar Areas 

filter W#B6 (kryptoeyanine plates)

Plates 1590 1397 1410 1424 ' 1425 1469
Areas

1 0.83 0.70 0.73
2 0.72 0.68 0.69
5 0.86 0.76
4 0.98 0.80
5 1.88(7) 1.01
6 1.11 1.06 1.24 1.06 1.07
7 0.66 0.68 0.73 0.71 0.75
8 0.69 0.62 0.61 0.69 0.62
9 1.18 1.21 1.56 1.08 1.17
10 0.62 0.67 0.64 0.70 0.71
11 0.70 0.74 0.64 0.76 0.75
12 2.11 1.87 1.94 1.79(?) 1.83(?)
13 1.29 1.33 1.30 1.49(71 1.36
14 1.10 1.06 1.27 1.14 •
15 0.64 0.70 0.68 0.64 0.66
16 0.71 0.76 0.72 0.74 0.74
17 0.64 0.89 0.93 0.92 0.93
18 1.29 1.47 1.41 1.42(7) 1.45(7)
19 0.66 0.70 0.68 0.70 0.72
20 0.69 0.75 0.70 0.76 0.78
21 1.21 1.20 1.15 1.30 1.19
22 0.48 0.50 0.47 0.63 0.61
25 1.08 1.16 1.45(7) 1.16
24 0.98 0.99
50 1.44
31 1.04
32 0.68
89 0.75 0.76 0,70 0.74 0.76
41 0.69
42 1.73
45 0.70
44 0.78
45 0.73
46 0.64
47 0.86
48 1.26

. 1466

1.25 
0.98 
0.68
0.88
2.10
0.78
0,76
0.70
0.67
0.84
1.26

Values regarded as less reliable than the average are marked (?).
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Is the final step in tho reduotions, the aearares 

of each point from all the plates were averaged for oaoh color, and 

the means arranged as Table 5, which represents essentially the re

sults of the investigation. (IT) and (?) rofor to the kryptocyanine 

and panohroaatlo plates, respectively, which were used in turn with 

filter #88. In forming the averages the doubtful values were given 

only half weight.

Table 5.

Brightness of 36 Lunar Areas in Terms of the Average for the Moon

Filter W#88(K) W*88(P)
Areas
42
12
16
5
20
13 
48
9
21
14
23
6 
4
31
24 
17
3
41
47
16
1
39
11
7
20
19
2
10
16
8

1.92
1.91
1.40
1.13
1.34
1.34
1.26 
1.20 
1.21
1.14
1.16 
1.11 
0.69 
1.01 
0.96 
0.90 
0,81 
0,86 
0.64 
0.74 
0.76 
0.74 
0.72 
0.70 
0.72 
0.69 
0.70 
0.67 
0.64 
0.61

1.88
1.66
1.37
1.27 
1.34 
1.33
1.28
1.19
1.19 
1.18
1.16
1.16 
1.05 
1.02 
0.92 
0.92 
0.93 
0.91 
0.88 
0.78 
0.81 
0.78 
0.78 
0.74 
0.76 
0.73 
0.76 
0.72 
0.69 
0.66

#62 3#&&3*B0 #2&#36 V.'jf 18A

1.99 1.93 2.10 2.24
1.49 1.86 1.98 2.04
1.38 1.26 1.24 1.24
1.35 1.16 1.30
1.32 1.36 1.40 1.26
1.32 1.34 1.29 1.30
1.30 1.28 1.20 1.28
1.21 1.09 1.14 1.10
1.20 1.20 1.17 1.17
1.19 1.18 1.14 1.18
1.18 1.14 1.11 1.10
1.08 1.09 1.13 1.10
1.04 0.98 1.18
1.02 0.98 1.02 0.96
1.01 0.52 0.90 0.88
0.99 0.89 0.87 0.86
0.96 0.89 0.98
0.90 0.90 0.80 0.93
0.83 0.84 0.82 0.82
0.82 0.76 0.73 0.70
0.80 0.75 0.82
0.80 0.76 0.73 0.70
0.80 0.76 0.70 0.72
0.79 0.76 0.76 0.74
0.79 0.78 0.70 0.69
0.79 0.71 0.69 0.69
0.76 0.72 0.78 0.75
0.75 0.71 0.72 0.70
0.78 0.70 0.69 0.70
0.71 0.66 0.66 0.67
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Filter W#88(K) ?f#68(F) ..W#62 U#£*«#36 m u

Areas
44 0.74 0.72 0.70 0.66 0.66 0.62
43 0.72 0.73 0.68 0.68 0.66 0.68
45 0.72 0.71 0.67 0.65 0.66 0.60
82 0.64 0.51 0.66 0.60 0.68 0.67
82 0.66 0.68 0.68 0.70 0.67 0.64
46 0.66 0.68 0.64 0.67 0.68 0.66

The arrangement of the values Is la order of de
creasing reflectivity for green light.

Errors.

In order to form an idea of the aoouraey of the 

results the probable errors cf the means in Table t> for two points, 

Eos. 15 and 9, typical of the maria and continents, respectively, 

were computed, and are shown below.

Table 6.

Probable Errors

Filter %o. 16 So. 9

W88(K) 0.018 0.038
W*88(P) 0.007 0.014
W#62 0.006 0.028
l.Vjf2*W#60 0.014 0,006
W#26W#86 0.008 0.009
W*18A 0.012 0.009

Mean 0.010 0.017

On the basis of these values the mean probable er

ror for the areas for which measurements of 6 or 6 plates are avail-
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able is 0.014. Since the mean tnsgcltn&e cf the two meaeured quanti

ties is 0.92, the accuracy of the work is 0.014/0.92 or 1.5^. For 

those points covered by only two or three plates the precision is, of 

course, zrach less, but such areas are not used in drawing the conclu

sions of the next section except in the case of Wood’s spot, where 

the systematic differences stand out above all errors.

Although both systematic and accidental causes un

doubtedly enter into the production of the errors, I think that var

iations In the sensitivities of the photographic emulsions, reflec

tions of light from the tube and auxiliary mirrors of the telescope, 

and actual changes cf the brightness of different parts of the moon 

with advancing phase-angle are the most Important factors. Any Inac

curacy In the determination of the slopes of the calibration curves 

would show up as a change In the maximum contrasts in Table 5. There 

is a tendency to such a condition for ##88(2) and 7?#62, but It le not 

very striking, and many points do not see* to show the effect. A foo

ter of this sort would produce some of the irregular variations In 

the intensities of the same area in the different colors that appear 

in the table, but is not sufficient to eooount for all of them. The 

considerable variations for the brighter points are largely due to 

the foot that these are generally rough mountain regions less satis

factory to measure than the smooth dark plains.
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Conelyetons.

From the preceding dl souse Ion It Is evident that 
the data of fable 6 are accurate enough to permit of some definite 
conclusions as to the color behavior of different parts of the moon. 
Its most striking feature Is the general uniformity of brightness of 
most of the areas In all colors, this Is not surprising, having been 
remarked by other obeervers, particularly W. H. Wright, so that Its 
confirmation hare ean be regarded In general as evidence of the re
liability of the data. There are, however, certain real differences 
which can beet be brought out by taking the ratios of brightness In 
all colors of areas having approximately the same luminosity In a 
given color.

For first analysis Wood’s spot was selected, par
ticularly since I know of no previous measurements of this area. The 
three points, 43, 44, and 46, all lie within It, so the ratios of 
their means to those of two points, 52 and 46, lying la nearby maria 

were formed for each filter and plotted against wave-length as the 
lower curve in Figure 2. It decreases continuously from 1.11 at 7400 

A to 0.92 at 5300A, a change of the order of 20£.
The other curve In figure 2 represents similar ra

tios for four areas, 11, 16, 20, and 39, In Mare Serenltatls and 
along the edges of Mare TranquilIt&tls to four others, 7, 8, 16, and 
19, in the sharply defined 11#ter region In the middle of the lat

ter. It was remarked by Wood, Mlethe and Seagert, and Wrl#t that



Hare TraftpllltatU Is relatlrely dancer in red light than in violet, 
and the measurements hear this out, although the variation is only 
10# and the curve is not as regular as the other.

Other differences in the table can he pointed ©at. 
Areas 9 and 23 are quite reddish whereas 17 and 22 have a distinct 

maximum in the green# in feet most of the areas in maria behave in 
that manner. The effect is undoubtedly real, for the faint greenish 

tinge of the dark seas has been noticed repeatedly since the first 
lunar observations.

Inasmuch as Aristarchus (Area 42) is the brightest 
crater on the moon, and 22 is situated in one of the darkest regions, 
the maximum range of brightness on the moon can be found by taking ra
tios of their reflectivities. The average for all colors is 5.39, 
with a minimum of 3.02 in the green and a maximum of 3.93 in the ul
tra-violet. Expressed in magnitudes the average is 1.32, in general 
agreement with the visual and photographic values, 1.36 mag. and 1.14 
mag., respectively, found by Boeenberg and Gets.

Curves similar to those of Figure 2 can be obtained 
for terrestrial materials, and their comparison made the basis of the 
identification of lunar rooks, but the greatest value of the present 
work lies in the determination of the order of magnitude of the color 
differences on the moon; a quantity which has to be known in order to 
plan intelligently the comprehensive statistical Investigation which 
must eventually be made.

17
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