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o Abstract

!

\J A short review is given of the literature pertinent to the bolometric correction.
A recommended scale of bolometric corrections is presented based upon recent
model atmospheres for stars of early spectral tvpe, and upon stellar energy dis-
tributions synthesized from photoelectric observationg of stars later than FQ V.
The reduction of various photoelectrically determined magmtude and color ays-
tems to a common system and the further reduction of these measurements to ab-

solute energy umts ic discussed in some detail.
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Celestial Background Radiation

1. A Revised Scale of Bolometric Corrections

1. INTRODUCTION

It 15 the purpose of this paper to rediscuss the scale of bolometric corrections
from the point of view of our present understanding of the observed distribution of
energy in stellar spectra.

The classical discussion of the bolometric correction is that of Kuiper (1938)
in which he made extensive use of the model atmospheres of Pannekoek (1936) and
Hertzsprung (1908) to derive bolometric corrections for stars earlier than FO,
and the radiometric data of Pettit and Nicholson (1928) for stars later than FO.
The scale derived i1s defined by the equation

B.C. = my o1 -IPV -0.07 . (1)

where B.C. is the bolometric correction, IPV 18 the international photovisual
bol-0.07 is the
apparent bolometric magnitude with the zero point of the system of bolometric
magnitudes chosen so that a star of solar type has a B.C. equal to ~-0.07. This
selection of the zero point requires that B.C. = 0.0 at an effective temperature (Te)
of 6600°K and B.C. < 0.0 for all other values of T,. In terms of the radiometric

magnmtude on the system of the North Polar Sequer{ce of 1922, and m

(Receivea for publication 30 December 1963.)
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magnitudes m of Pettit and Nicholson, Eq 1 becomes

~

B.C. = (mr - A mr) - IPV+ 0.62

(2}

where A m_ 1S a correction term for instrumental losses and atmospheric extinc-

tion. Kuiper's adopted values are shown in Table 1.

o+~

TABLE L., Bolometric corrections derived by Kuiper (1938)

Super- Super-
- Sp. Dwarfs Giants giants Sp., Dwarfs (Giants giants
F2 -.04  -.04 - .04 K4 - .55 -1.11 -1.56
F5 04 .08 12 K5 "85 1.35 1.86
F8 .05 17 .28 K6 1.14
GO .06 .25 .42 MO 1.43 1.55 2.2
-, G2 .07 .31 .52 M1 1.70 1.72 2.6
GSs .10 .39 .65 M2 2.03 1.95 3.0
G8 .i0 .47 .80 M3 (2.35) 2.26 -3.6
g K0 .11 .54 .93 M4 (2.7) 2.72
. K2 15 a2 1.20 M5  -(3.1)  -3.4
e K3 -.31 -89  -1.35
T, B.C T, B.C. T, B.C.
6500 0.00 13000 -1.18 22000 -2.40
700¢ -.01 14000 1.35 25000 2.69
7500 12 15000 1.51 30000 3.12
N 8000 .22 16000 1.66 35000 3.5
s 9000 .40 17000 1.80 40000 3.8
e 10000 57 18000 1.04 45000 4.1
11000 .78 19000 2.06 50000 -4.3
12000 -.98 20000 -2.18

Among the more recent discussions of B.C. are those of Stromberg (1946),

Popper (1959), and Johnson (1982),

Lohmann (1948), Eggen (1256), Limber (1958), Arp (1958), Schwarzschild (1958),
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Stromberg's values, presented in Table 2, are based entirely on the data of
Pettit and Nicholson, They were derived in the same manner as that employed by
Kuiper, with the substitution of m, from the Henry Draper Catalogue in place of
IPV used by Kuiper. The chosen zero point of the scale 1s not the same as Kuiper's,
thus, to compare the two sets of data, one rnust add a ziro point correction of -0.1

magmtude to the values of Stromberg,

TABLE 2. Bolometric corrections derived by Stromberg (1946)

Sp. B.C. Sp. B.C. Sp., B.C. Sp. B.C.
A0 -.3 35-dG9 0.0 dMo -1.3 gG3 -0.1
A2 -1 dK0 -.1 dM3 -+ '-1.9 gKl -0.4
A3-A4 0.9 dK3 -.4 dM5 -2.5 gK5 -1.1
A5-dG4 +.1 d¥6 -7 dMs -2.8 gM2 -1.8

Lohmann (1948) reduced the ridiometric magnitudes obtained by Emberson
{1941) to the system of Petut and Vicholson and derived the bolometric corrections
shown 1n Table 3, He noted that the magmtudes measured by Emberson were
systematically less in absolute value than those of Pettit and Nicholson, the
difference increasing wi'h stars of later spectral type and approaching a maximum
of 9.23 magnitude near KJ. This discrepancy is attributed to tte difference :n
atmospheric extinction at the two observatories.

TABLE 3, Bolometric corrections derived by Lohmann (1948)

Sp e 3.C. So -.C Soe n.C
BO -3.06 FO -.04 . KO - .28
BS -2.20 F5 -.00 K5 - .78
AQD - .98 GO -.00 MO -1.25
AS - .37 - G5 -.10 N3 -1.90
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Eggen (1956) derived a scale of bolometric corrections from tha data of Fettit

and Nicholson according to the relation

= - - {
B.C. (mr Amr) VE+O.62 (3)

where *he zero point 15 coincident with that ¢f Kuipar's and V. 1s the V magnitude

E
determined photoelectrically by Eggen {1955). These data are given in Table 4
where the color index (P-V)E and the absolute visual magnituae My, determined from

trigonometric parallaxes are the runn'ng parameters.

TABLE 4. Bolometric correction according to Eggen (1956)

P-v) B.C. (P-V)E B.C. {P-V)E B.C.
+0.2 -0.05 +0.8 -0.15 -1.2 -0.80
+0.4 -0.05 +0.9 -0.22 +1.3 -1.00
+0.6 -0.07 +1.0 -0.41 +1.4 -1.18
+0.7 -0.10 +1.1 <0.61

MV B.~ MV B.C. MV B.C.
+1.0 -0.44 +5.0 -0.06 +9.0 -1.31
+1.5 -0.28 +5.0 -0.08 +9.5 -1.52
+2 0 -0.10 +6.0 -0.12 +10.0 -1.72
+2.5 -0.06 +6.5 -0.30 +16.5 -1.93
+3.0 -0.05 +7.0 -0.48 +11.0 (-2.14)
+3.5 -0.05 +7.5 -0.70 +11.5 (-2.35)
+4.G6 -0.05 +8.0 -0.90 +12.0 (-2.55)
+4.5 -0.06 +8.5 -1.11

A discussion of the bolometric correction for K and M dwarfs has been given

by Limber (1958). Here the data of Kuiper were corrected to the U, B, V system

of Johnson and Morgan (1933) ana the zero point of the resulting scale made coin-

cident with that of Kuiper's.

A comparison of the two scales shows the values of

Limber to be systematically smaller than Kuiper's by about 10 percent. Limber

also finds that there is a strong tendency for the raaiometric magmtudes for the
faintest stars measured by Pettit and Nicholson to be too bright py as much as 0.4

to 0.5 magnmtude.




Arp's (1958) tabulation of bolometric corrections is ¢ssentially the same as
Kuiper's, but wita the values for stars earlier than 85 determined from the model
atmospheres of Underhill aad McDonald (1952), The compilation of bolometric
corrections and effective temperatures presented by Schwarzschild {1958) with
B-V as the argument, is the same as that presented by Kuiper, using the temper-
ature scale of Keenan and Morgan (1951}, A

The most recent extensive discussion of the scales of effective temperaturz
and beclomeiric correction was given by Fopper (1959). The V magnitude on the
U, B, V system was used to obtain bolometric corrections from the original dara of
Pettit and Nicholson. Also nicluded were Emberson’s raaiometric measures of
highest weight after a reduction of +0.23 magnitude to lower them to 3 common

zero point. The bolometric correction was derived from
B.C.= (m_ - Am ) -V+0.58 ’ (4)

the constant being chosen to reproduce Kuiper's values for main sequence stars of
type GC-G8. The resuiting values were plotted versus the B-V coior of the star,
and a mean curve was drawn through the points. His adopted values read from the
mean line are shown in Table 5. Popper notes that there are rio systematic
differences in B.C. depending upon luminosity class except perhaps for the reddest

siars.

TABLE 5. Bolometric corrections
from Popper (1959)

B-vV B.C.
+0.4 0.00
+0.5 -0.02 .
+0.8 -0.07
+0.7 -0.11
+0.8 -0.17
+0.9 ~-0.28
+10 -0.40
+1.1 -0.53
+1.2 -0.72




For stars earlier than [0, Fopper calculated bolometric corrections from the
* medel atmospheres of Hunger (1954), Osawa (1956) ard Saito (1956). His values,
which are included in Table 7, depary from Kuiper's by 0.2 magnitude at ’I‘e =
10,000°K.

Recenidy Johnson {1962) nas obtained photoeiectric measurements in the
a*mospheric windows at 2.2 and 3.6 microus (K and L magnitudes) which he has
combined wi'h data from U, B, V photomet_'y six cclor photometry of Stebbins
and Kron (1956), and R, I pLotomeiry of Kron, Whitc, and Gascoigne (1853), kron
and Gascoigne (1953) an~ Kron and Mayall (196Q) vo obtain stellar energy distribu-
tions over a wide spectral range. From an 1itegration of these curves on an
intensity basis relative to thut of the Sun, he derived the values reproduced in
Table 6. The zero point of the scale 1s B.C, = 0.0 for a star of solar type, and
thus d:ffers from Kuiper's by -0.07 wagn:tude. ¢ v

TABLE 6. Bolometric correctior of Johnson (1982,

S e

{ sp. B.C. Sp., B.C. Sp. B.C.

! F5V +.05 MoV -1.0 Ksur  -0.9
GOV 5.0 MoV ~1.4 MOl -1
Gav 0.9 M4V ~1.8 MUl  -1.4

‘ G8V 0.0 M5V -2.0 M4l (-2.0)
KOV -0.1 GSIL -0,1 MFOL  (-2.7)
K2V -0.2 KOl -0.2 Fsl +0.1
K5V -0.6 K2l -0.4 MG-21 -1.2

B et e ] —

It 1s interesting 10 note that ail determinations of the bolometric correction
subsequent to that of Kuiper's have resulfed in an appieciable decrease in absolute

value for the stars of late spectral type.
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2. THE BOLOMETRIC CORRECTION FOR STARS OF EARLY SPECTRAL TYPE

For stars earlier than FO V an appreciable portion of the total radiant energy
lies in the ultraviolet at wavelengths shorter than the atmospheric cutoff and is not
observable with Earth-fixed instrumentation. For this reason, our knowledge of the
energy distribut.on in th2 spectrumn of the hotter stars felies upon the predictions
of model atmosrheres.

Table 7 is a compilation of a number of recent atmospheric models for stars
of early spectral type. The spectra listed in column 1 and the atmospheric
parameters (logarithm of the surface gravity, the boundary temperature T o and
the effective temperatur- l‘e) listed in columns 2, 3, 2nd 4 are as given by the
referenced authors. Bolometric =orrections given by Underhill (1952, 1956),
Mchonald (1952), ana Pecker (1950) have been correcte.ad to the zero point of
Kuiper's (1938) scale. Bolometric corrections for the models of Saito (1956),
Osawa (1956), and Hunger (1955) have been taken from Popper (1959), while those
for the models of DeJager and Neven (1957) and Melborne (1960) have been ootained
by the author from integration of the published flux distributions in the mauner of
Underhill (1956), that is,

o
vV, F dv T
B.C. = 2.5 log I V& - 10 log —&— - 0.7 (5)
-
Joo V,F, @ T, @

where VV i the spectral response curve of the V magnitude given by Johnson (1955),
'I‘e {®) = 5778°K is the effective temperature of the sun (Blanco and McCuskey,

1961), and the mor.ochromatic solar flux F, (®) is taken from Goldberg and Pierce
(1959). Column 6 cortains the values of (B-V)C calculated by the referenced authors,
and column 7 the (B-V) I color determined from the spectral type, according to the
list of Johnson and Morgan (1953).

The values of B.C. plotted in Figure 1 as a function of effective tempera'n:xre
lie along a reasonably well defined curve. This curve falls 0.33 mag. below
Fuiper's relationship (also shown in Figure 1) near Te = 14,000°, is nearly coinci-
dent witu his values in the region 24,000° < ’I‘e < 36,000°, and predicts values
larger than Kuiper's at higher temperatures. The values of Takle 8 were read from
the mean line of Figure 1. Due to the significant advencements made in the theo-
retical treatrnent of stellar atmospheres during the past two decades, they are
considered prefevable to those given by Kuiper,




TABLE 7. Bolometric corrections derived from
model atmospheres

Spect. log g T, Te B.C. (B-V)¢ (B-V); Author
05 4.20 35000 44600 -4.27 Underhill (1952)
0 4,20 25200 36800 -3.75 v Underhill (1952)
4,00 25000 29700 -3.03 DeJager and Neven (1957)
B1.5V 4,20 18800 29500 -3.00 -.31 -.26 Underhill (1956)
B1.5V  3.80 18800 28470 -2.87 -.31 -.26 Underhill (1956)
B2.5V  4.20 16800 27870 -2.90 -,31 -.22 Underhill (1956)
B1lV 4.48 17700 27300 -3.00 -.28 Pecker (1950)
B2.5V  3.80 16800 27000 -2.81 ~.30 -.22 Underhill (1956)
Bl1.5V 4,48 17300 26360 -2.83 -.26 * 'Pecker (1950)
B2V 3.80 16800 22700 -2.59 -.24 McDonald (1952)
4,00 18000 21400 -2.22 DeJager and Neven (1857)
B2V 3.80 16550 20500 -2.00 -.24 Saito (19586)
4.00 14000 16620 -1.52 DeJager and Neven (1957)
B5V 2.80 12750 1540C -1.22 -.16 Saito (1956)
4,00 10000 11850 -.64 DeJager and Neven (1957)
A0V 4.20 8680 10600 -.39 0.0 Saito (1958)
4,30 7310 9500 -.24 Hunger {1955)
4,30 7481 9000 -.18 Hunger (1955)
A3V 4,00 6760 8900 -.24 +,09 +.09 Osawa (1950)
4.30 7140 8660 -.14 Hunger (1955) '
4,30 6730 8160 -.11 Hunger (1955)
AgvV 4.00 6000 7560 -.15 +.27 Osawa (1956)
4,39 5680 7000 -.02 +.35 Melborne (1960) R
4,42 51990 6400 -.03 +.45 Melborne (1960)
4.43 4940 6100 ~-.06 +.,50 "Melbocne (1960)
4.44 470¢ 5800 -.07 +.55 Melborne (1960)
4.44 4460 5500 -.11 +.63 . Melborne (1960)
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- TABLE 8. Bolemetric correction for stars of early
spectral type
Te B.C. Te B.C. Te B.C.
6500 0.00 12000 -.63 19000 -1.82
7000 -.02 13000 -.80 M 20000 -1.99
7500 -4 14000 -.97 22000 -2.32
8000 -.08 15000 -1.14 25000 -2.67
8000 -.18 16000 -1.31 30000 -3.08
10000 -.24 17000 -1.48 35000 ~-3.50
11000 -.47 18000 -1.65 40000 -3.93

» ’
Although T is a fundamental parameter characteristic of a stellar atmosphere,

it cannot be directly observed, Correlation of Te with readily observable
parameters such as spectral type and color is difficult. Spectral types quoted for
model atmospheres are often derived from spectral characteristics which are more
sensitive to the temperature gradient in the atmosphere than to the value of Te'
Limb temperatures, To' obtained by Cayrel de Strobel (1960) from ihe central
intensities of the Balmer iines show dispersions ot more than 3000°K tor stars of
the same spectral type near B1V, while correlation of his To with B-V breaks down
for B-V less than about -0.07 mag. Association of observed B-V colors with those
calculated from model atmospheres can lead to appreciable errors due to the
effects of line blaaketing, (Melborne, 1960, Rozes-Saulgeot, 1960). At the present
time blanketing coefficients are not available for stars earlier than A0 V.

The relationship of the B-V color to effective temperature has been recently
discussed by Popper (1959). Based upon the determination of the anguiar diameter
of Sirius (Brown and Twiss. 1956) and Ifunger's (1954) model atmosphere for Vega.
Popper derived a scale of effective temperatures which departs markedly from
Kuiper's scale (1938) at B-V = 0.0, and gradually approaches it at B-V = +.50.
Popper's scale is adopted here, Table 9 lists the Te' B-V“relationship determined
by Popper with the associated values of B.C. read from tiae curve of Figure 1. For
gtars hotter than AO'V one might adopt the temperature scale of Keenan and Morgan
{1951); however, Popper's discussion implies that major revisions are in order,
and data from rockets and/or satellites will be necessary to resolve the question.
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TABLE 9. The volometric correction
as related to Popper's (1959) scale of
effective temperatures

B-V Tp B.C.
0.00 9400 -.23
: +
+.10 8800 ~-.16
+.20 8100 -.09
+.30 7350 -.02
+.40 6700 0.nQ
+.,50 65300 -.G3

Recently, data obtained by Stecher and Milligan (3982) from a high altitude
rocket have provided our first glimpse of the continuous spectrum of kot stars 1n
the region b=low the atmospheric cutoff, 'I;he most striking feature of this data is
the large deficiency of energy in the 2000 A region when compared to that pre-
dicted bty model atmospheres. Various mechanisms have been discussed by Stecher
and Milligan to account .or the observed discrepancy. These include absorption by
the interstellar medium, absorptionbya circumstellar cloud, and the suddenincrease in
opacily of che stellar atmosphere due to molecular absorption, line blanketing, and
absorption by quasi-molecules. Meinel {1962) has recently Proposed a model for
B stars which attributes the high observed flux in the 2500 A regiorn to the emission
continuum resulting from thedissociationof the H2 molecule which has been
observed in the laboratory by Coolidge (1944).

It was felt that possibly some additional information might be gained if Stacher
and Milligan's data were compared with other data available for these stars.
Auxiliary data were first reduced to Code's {1960) system of monochromatic
magnitudes by the methods descr:bed in Appendix I. The resulting monochromatic
magnitudes were then converted to aosolute flux units using the caiibration of the
V magnitude given by Code. For comparison with model atmospheres, the
normalization was made at A 5560 Pox through the relation

F

H, =/556°)2 : 4 H, (5560) - (6)
\a F, (5560)

where H, is the monochromatic irradiance at wavelength A, F‘/ is the fluk from the
model atmosphere, ancu (5060

)2 converts from frequency umits to wavelength units,
A
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Figure 2 shows a compariscn of the dawa for € Canis Majoris over a wider
spectral range than considered by Stecher and Millagan. Six Color data were not
available for this star, the values shov'n having been computed from means
measured for this spectral type. The overlap of the two sets of data in the 3300 to
4000 :c‘i. region is encouraging and attests to the high quality of the rocket aata cn
both a relative and absolute bas:s. Sato's (1956) Model LI 1s also shown 1n Figure
2. It 1s obvious from this figure that the slope of the rocket data 1s considerably
greater than that predictad by the model atmosphere in the region from 2500 to
3500 ;\. Also, i1f allowance 15 made {nr the fimite resolving power of the spec-

trometer, the observed Balmer discontinuity will greatly exceed that predicteu by

the mod2i. These data are in direct conflict. To reproduce the Balmer discontinuity,

a model of lower effective teinperature 1s indicated, while to reproduce the observed
intensity gradient, a higher temperature is 1naicated. C,ha,mges in the adopted value
of surface gravity in the model will not rectify the situation.

Much the same may be said tor the data of Figure 3 for g8 Camis Majoris. Here
the Six Color data are those measured for the star by Stebbinus and Kron (1956).

ithough the Balmer discontinuity 1s poorly defined by the rocket data, the steep
siope near A 3000 1s stull evident.

The data for o Leonis are plottea in Figure 4, where the solid deots are the
photoelectric measures of Johnson (1962, 1953), U, V, B, K, and L, Si1x Color
photometry of Stebbins and Kron (1956), and the scanner data of Oke {1960),
Bonsack and Stock (1%57), and Haul (1941). The curve :s reasonacly well defined,
although there appears to be some systematic difference between the scans of Oke
and Bonsack and Stock. Saito's model for Te = 15,500°K, as adopted by Stecher
and Miliigan, clearly does not represent the data, The model of DeJager and
Neven (1957} for TO = 10,000°K provides a fairly good fit in the region of the
Balnier discontinuity. The bolornetric correction derived for @ Leonis by the
methods aescribed in the following section and on the assumption that Fu/Fu(l .80)
= 0.0 for 1/) greater than 6.0 :5 B.C, = -0.28 mag. For comparison, that
given b DeJager and Neven s model 1s B.C, = -0.64 magnitude.

For aCarinae F0 [a the spectrum 1s 1n much better a},reement with that
obzained from model atmospberes in the A 2000 region, however, comparison with
a model atmosphere at a slightly higher temperature than the one shown in Figure

5 would lead to betier agreement in the visual.
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Figure 3. Spectrum of 8 Canis Majoris, The solid curve 1§
the model atmosphere of Saito (1956) Te = 20400, log g - 3.8,

No problems have been resolved from the consideration of this limited amount
of dawa, however, ap:narent contradictions in the spectra of € Cams Majorig, 8 Cans
Major:s, and a Leonis near the Balmer limit lend some si*pport to the mechanism
proposed by Meinel (1963). Calculation of a bolometric correction for @ l.eoris
gives an indication of the large errors which may be present in bolometric correc-
tions based upon currently accepted atmospheric models.
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3'.' THE BOLOMETRIC CORRECTION FOR STARS OF LATE SPECTRAL TYPE

The discussion given here 1S in the nature of an extension of the recent work
of Johnson (1962), {see Introduction). Johnson's bolometric corrections are based
upon the aerived spectral energy distributions for 24 stars of which only 18 are
later than FO. His original cbservations contain 37 stafs later than F0 for which
a sumilar analysis can be made. Secarch of the recent literature reveals that Lunel
{1960) has obtained the .1rared magnitudes of 20 stars with narrow band filters
centered at 1.1 and 2.2 microns, and that Mitchell and Hayme {1961a,b) have
measured 42 stars with instrument responses similar to that of the K and L
magnitudes of Johnson (1962). Consequertly, :f additional data for other wave-
length regions could be found, it would be possible to synthesize spectral energy
distributions and derive bolometric corrections for a relauvely large number of
stars. o

It was decided that as much additional data as possible would be used, thus,
data obtained from pholosiectric spectrum scanners wzre included along with data
of the type used by Johnson. Magnitudes and colors were obtained from the fol-
lowing data sources and reauced tc the system of monochromatic magmtudes of
Code (1560) by ti.e methods described in Appendix [: U,B,V - Johnson and Morgan
(1953), Johnson and Hiltner (1956), Johnson (1955), Johnson and Harr:is (1954), P,V
- Eggen {1955, 1957), R,I - Kron and White (1953), Kron and Gascoigne (1953), Kron,
Gascoigne, and Wmite (1957), Six Color photometry ~ Stebbins and Whitfora (1945),
Stevbins and Kron (1956), Kron (1958), Scanner data - Bonsack and Stock (1957),
Code (1960), Oke {1960), Hall (1941). The decisior to use only photoelectric
observations precluded the use of the relative energy diswributions which were
determined photographically (Hoff, 1939 ana Kienle, Strassl, and Wemg:, 1941).

Lack of sufficient auxiliary data for 18 stars reduced the or'ginal list to 71,
of which §3 are later than FQ V. Of the 53 stars used for dotermination of
S nave only § dala pOuils pér Star didliibuled aciuss
the spectrum, 67 percenthave morethan 10 points per star, and 46 percent have 1in
excess of 20 points per star, The maximum number of data points available on
any one star 1s 92,

Since the total number of magnitudes and colors to be reduced to Code's (1960)
system exceeded 1500, a computer program was written and the reductions carried
out on the Philco 2000 computer located at the Air Force Cambriage Research
Laboratories in Bedford, Massachusetts,
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The monochromatic magnitudes m(n) obtained were reduced to monochromatic
o
irradiances H, {n) relative to the irradiance at A 5560 A through Code's definition

H (n)

m{n) = -2.5 log H, (1.80) (7)

wheren = 1/A1n rmcrons-1 and H, (n) 15 the monochromatic irradiance at the top
of the earth's atmosphere in uruts of ergs cm'zsec'lcps_l evaluated at the wave-

number n.
The resulting values of relative irradiance were plotted ver sus the wavenumber

and the curves integrated by means of a polar plamimeter. Typical examples of the
spectral distributions obtained are shown in Figures 6 through 10. Few spectra
exhibited greater dispersion than those shown. Integration of the spectra yrelds

the quantity

s

= o
L™ =g 130 fo H, dv. (8)

Calibration of the V magmtude of Johnson and Morgan by Code (1960, and Willstrop
(1958) umplies the following relation

V = -2.5 log H (1.80) + Const. (9)
and thus one may write from Egs. 8 and 9
~2.5 log I(*) = my ;(*) - V + Const. (1)

or

Y

B.C.(*) + Const. 11)

[

-2.5 log I(*)

The constant in Eq. 11 may be evaluated for the sun by setting B.C.(¥) = B.C,

(@), and the resulting expreassion for the bolometric correztion is
B.C.{(*) = ~2.5 log I{*) + 2.5 log (D) + B.C. (Q). . (L12)

Adoption cf Eq. 9 for the V magnitude implies that ther~ is ne dependence of V on
the color of the star. This appears to be justified from the work of Willstrop (1958),
His correlation of the V magnitude with magnitu‘des oktamed through a narruw band-
pass interference filter al A 5400 showed no dependence on B-V and only a residual
scatter of about 0.02 magnitude. His data cuvered the cange B~V = -,24 to B-V

= +1.4 magnitudes. '
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Figure 9. Spectral Distribution for Beta Andromeda MO III.

In order to perform the integrations required by Eqs. 8 and 12, 1t 1s recessary
to select a curve which bhest represents the spectral distribution detined by the
plotted data points. In an attempt to reduce to a mimimum the amount of subjec-
tivity which might enter into the selection of such a curve and to provide some
estimate as to the effects of data scatter on the derived bolometric corrections,
three curves were drawn for each star. The first curve was drawn by eye estimate
as a "best fit"' to the data points. The second was drawn tu include all the data
points below 1t, that is, 1t represents the maximum envelope defined by the data
pownts; The third curve was drawn to exclude gll the data points above 1t, 1t

represents the minimum envelope consistent with the data. The area under each
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Figure 10, Spectral Distribution for Beta Pegasi M2 II.

curve was planimetered and a corresponding bolometric correcuon was derived
from Eq. 12. The mean value of these three values of B.C. was adopted as the
bolometric correciion for the star, and the standard deviation cf the three from
the mean was adopt.ed as a measure of the error.

Values of B.C. and the standard deviation derived in the above manner are
listed 1in columns 5 and 6 of Table 10 for ail the stars considered. Those values
enclosed 1n parentheses are for stars for which only 6 data points were available
and are thus of low weight. Stars for which no standard deviations are given
have well-defined spectra, but either an insufficient number of dara points or
insufficient scatter in the data to give a meamngtuil estimate of the error.

23
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' The value of I (D) required in Eq. 12 was obtained by integration of the mono-

~ chromatic solar irradiance relative to n = 1.80, which was calculated from the

solar energy curve of Goldberg and Pierce (1959) (see Appendix I). The value
-0.07 mag. was adopted as the bolometric correction for the Sun in agreement with
the zerc point of Kriper's {1938) scale.

Mean values of B.C. as functions of spectral type derived from Table 10 are
given in Table 11. Aside from the zero point correction of -0.07 mag. the values
are in close agreement with those obtained by Johnson (1962) for luminosity class
III, but tend to be generally smaller for mnain sequence stars. For the purpose of
computing means 1t has been assumed that gM3, gM4, and sgM6can be equated to
M3 III, M4 I, and M6 III (Eggen, 1955).

TABLE 11. The bolometric correction as a function of
spectra’ type

Sp. B.C. Sp.. B.C. Sp. B.C.
G8IlI (-.12) MOIII -1.14 GOV -.06
KOII -.28 M21II -1.52 G2v -.07
K2I.1 -.47 M3l -1.68 KOV -.08
K31l -.50 M4l (-2.18) K2V .11
K4I1 -7 M6ILI (-2.68) K7V -.87
KS5III -.98 M2V -1.20
KOII -.43 ) M5V -2.35
K311 -.85

Figure 11 shows the relationship of B.C. to the B-V color of Johnson and
Morgan (1953) as determined by 40 stars of the list for which B~V colors are )
available {Table 10, column 3). The plotted points show considerable scatter as
well as a tendency for main sequence objects to lie above the mean curve. The
three stars of luminosity class Ib all e below the mean cur/e. It should be noted
from examination of Table 10 that the rajority of stars considered are of
luminosity 2lass III, and thus relationships between the bolometric correction and
color indices are biased in this sense, Values read from the curve of Figure 11
are listed in Table 12,
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Figure 11. Bolometric Correction vs. B-V of Johnson and Morgan.
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TABLE 12. The bolometric corre

cticn as a function of the B-V
color of Johnson and Morgan (1953) ¢

B-V B.C. B-V B.C.
+.5 -.03 +1.1 -.34
+.6 -.06 +172 - 45
+.7 -.08 +1.3 -.59
+.8 -2 +1.4 -.75
+.9 -.17 +1.5 -.95
+1.0 -.24 +1.6 -1.31

The r elationship of B.C. to the V-I index of Six Color photometry is plotted in
Figure 12 for 31 stars in the list for which V-I data are,avallable (Table 10,
column 4). A mean curve seems fairly well defined and the scatter of points are
random with the exception of ¥ And (V-I = +1.30) which appears to have a much too
large B.C. for its color index. This star is known to be a member of a

N binary system (spectral type of companion 1s AQ), however, the separation 1s

fairly large, being about 12 seconds of arc.

From the limited data available there is no evidence of separation of the
stars according to luminosity class. Values read from the curve of Figure 12
are listed in Table 13,

TABLE 13, The bolometric correction as a function of the V-I index
of Stebbins and Whitford (1945)

V-1 B.C, V-1 B.C. V-1 B.C.
0.00 -.07 +1.50 -.54 +2.75 -1.29
. +,25 R +1.75 -.66 +3.00 -1.50
~A +.50 -.18 +2.00 -.78 +3.25 -1.74
+.75 -.26 +2.25 -.93 ' +3.50 -2.04
+1.00 -.34 +2.50  -1.09 +3.75  (-2.38)

+1.25 -.43 ’
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With the exception of Johnson (1362) the bolometric corrections obtajned here

are systematically smaller in absolute value than those derived in previous dis-
cussions. Comparison of B,C. for 27 stars in common with Kuiper's list shows

the derived values to be 24 percent smaller than those obtained by Kuiper. A

similar comparison between Eggen (1956) anda Kuiper (1938) shows Eggen's values

to be 16 percent smaller than Kuiper's, Since the same data were used oy both
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aut-r‘mrs and treated in the same manner, one must attribute the 18 percent reduction
to a systematic difference between the photoelectrically measured VE magnitudes
and the photographically determined IP  used by Kuiper. Thus, the definition of a
scale of bolometric corrections in terms of only photoelectricallr observed
quantities implies a new scale which will differ systematically from that adopted
1n 1938 and in the direction indicated by Eggen. A

All determinations of bolometric corrections previous to Johnson (1962) have
relied upon measures of radiometric magntudes. Corrections for atmospheric
extinction in the zenith amount to about 0.4 or 0.5 mag. Furthermore, reduction of
the observed magmtudes to the zenith have assumed the following dependence on

zenith angle z

m = k(sec z-1) , (13)
,
while the recent paper of Gates (1960) implies that air mass corrections for radio-
metric quantities would more nearly follow a relation cf the form

m = k, (sec z-1) + k2(sec z—l.)l/2 (14)
where the relative values of the coefficients kl and k2 would e dependent on the
temperature of the star. The linear term accounts for scattering processes and
weak molecular absorption such as occur 1n the far wings of the atmospheric
absorption bands of H20,; and the term in the square root accounts for extinction
within the molecular absorption bands.

Values for the zemith extinction used at Mount Wilson were obtained from
measures of the extinction of the solar spectrum. It 1s well-known that for the
cooler stars, depression of the stellar continuum by contribution of molecular
absorption bands to the opacity can become large. In particular, the great abundance
nf the HA(‘) molecule predictea for late type stars might well be expected to depress
the continuum 1n the same spectral regions as are obscured by water vapor in the
earth's atmosphere, Corrections for zenith extinction based upon the solar spuc-
trum would then be overestimated and lead to an overestimate of the bolometric
cotrection. S

Magnitudes measured in the infrared through narrow band filters which peak the
photometer response in the atmospheric "windows' requirz only small corrections
for extinction as compared to the broad band rodinmetric measurement. In addition,
the use of a narrow band of wavelengths greatly reduces the effects of color on the

extinctuon.
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Advances made in the last few vears in infrared deteciors and technology
together with the selection of narrow spectral regions not subject to large fluctua-
tions wn water vapor transparency. allow one to obtain measurements of fa.nt stars
at signal-to-noise ratios far greater than those attainable by Pettit and Nicholson,

The above considerations require one to conclude that the bolometric correc-
tions derived from stellar spectral distributions are mYleremly better de.ermined
than those derived from radiometric magnitudes., One mav argue that the spectral
distribution method sutfers from the necessity to interpolate the energy curve over
wide regions in the infrared tor which ground based measuremeuts are not possible.
However, 1n the process of reducing radiometric magnitudes, the required inter-
polations are implicit.

The average value of the standard deviations listea in column 6 of Table 10 is
0.04 mag., and for the most part reflects the errors igcurred in transformation of
the various magmtude systems.

4. CONCLUSION

The bolometric corrections in Table 2 are recommended for the range B-V
= 0.0 to B-V = +0.50., Their accuracy relies upon the carefully revised temperature
scale of Popper (1959) and fairly detailed moael atmospheres.

For stars hotter than AQ the situation 1s not as favorable. Current model
atmospheres predict a fairly well definea scale of bolometric corrections; how-
ever, the data of Stecher and Milligan (1962) suggest that c.ur current concepts of
theatmospheres of early stars may be incorrect. If stellar models such as those
proposed by Meinel (1963) are indeed representative of hot stars, the scale of
belemetric corrections will require a drastic revision, as well as present theories
of stellar evolution. Until additional data are available from rocket or satellite
observations of the spectrum down to the Lyman limat, it 1s recommended that
the bolometric corrections of Takle 8 be used with caution, ‘

For stars with  B-V greater than +0.50 the vaiues listed in Tables 11, 12,
and 13 are recommended. The precision of these valu-» relies on photoeleciric
measurements and the accuracy of the transformation of magnitud= and color
syztems. The infrared magnitudes were measured 1n spectral regions of high
atmospheric transparency, thus minimizing the erruvis inherent in the correction
{cr extinction. It 1S noted again that the c*ars consider d herec are largely of
luminosity class III. Infrared onservations of main sequence objects for which

auxiliary data are alreaav available would put this scale on a more firm basis.
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Measurements of radiometric magnitudes from a high altitude balloon platform
would provide conclusive data or the bolometr'c correction for the stars of late
spectral type. Observations from rocket and satellite altitudes will be necessary
for the hotter stars.

The scale of bolometric corrections presented here embodies revisions of
sufficient magnitude to warrant a rediscussion of the em;n’ical mass-iuminosity

lavy,
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Appendix I: Conversion of'Magnitudes and
Colors to Monochromatic Fluxes

1. GENERAL CONSIDERATIONS
The defimition of an apparent stellar magmtude m 1s given by
m =2.5log [ S,H,dv+C_ -1

where m is the apparent magnitude outside the earth's atmosphere, Su 1s the
normalized receiver sensitivity function and includes the transmission of filters
and optics as well as the spectral response of the detector, HV 1s the monochromatic
stellar irradiance at the top of the atmosphere {ergs em”™? sec”t cps”!), and C
18 a constant which determines the zero point of the magmtude system,

In multicolored photometry 1t is convenient to relate magnitudes
measured with different receiver sensitivity functions tc each other through a
color index which 15 reduced to a common zero point for stars of selected spectral
type. Consider, for examp'e, a two-color syster-:", m, k, then

m =-2.5 log fom S,H, dv + C_ {1-2)

k= -2.5 log f0°° T, H,dv + C . (1-3)

T WS T Sy ¢ Tww e e



40

3

where Tu 1s the receiver sensitivity function corresponding to the magnitude, k.
~ The zero point for the system 1s arbitrarily defined such that the color index (m-k)j
= 0.0 for a star of spectral type and luminosity class X, that is, m = k for a star

of spectrum X. Thus one may wuite:

- o x -y +~
C_ <k (X)+25lg [ S,H (X)dv (1-4)
e . o, . .
C, = m (X)+ 2.5 log [;° T, H,(X) v (1-5)
or
0 o]

- J2 s H dv J°T H dy
(m-k)= -2.5log %Y Y 425l0g S0V V (I-8)

o . © R

Jo 8, H, X Jo T, H,(Rjdv

where H, (X) 1s the monochromatic irradiance from a star of spectrum X,
Since 1t 15 desired to derive Hu from the measu~ed magntudes snd color

indices one must consider the integral

LIt JIEPY
- _ o .
1= [5° s, H,dv (t-7)
It has been shown by Stromgren (1937} that HV may be expanded abcur, Hv to
<
- give the following form
- a’n o
I-= % Hu + (1_/2) ) By (VO) - fO Svdv {1-8)
V] dp UO
where
f s dv
Vg = el (1-9)
aQ .
jo S, dv

v

and

i = [0 wevg)® s av) [ s, dv 1-10)
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’fhus Eq. I-1 may be rewritten as

, fo
m =-2.5 log (Hu0 + AH) - 2.5 log Jg 8 dv+ Ch (I-11)

where AH is considered a correction term given by the second and poss:bly succeec -
>
irg terms >f the expans.ion in Eq. J-8. Expanding the logarithm one obtains

3
__&H AH o Py
g My~ AH) = logH, 2 [y - s ] a2
which for AH<<HV reduces to
0
log (H, +AMH =logH +28 (I-13)
g, g5y, H
0 0 ,
y
and Eq. I-11 becomazs
- AH «© .
m=-C.5log H, - 2.5 €57) - 25log [(° 5, dv+ C_ (t-14)

0

Consider now the term 1n A H. Dropping terms higher than the second in the expan-
sion of Eq. I[-¥ we derive,

2.0 i L
AH . _ =25, "2 g°H - -os5(t2yd (dH ]
25 (S (gt SR - a5 5 (&, (I-15)
dv 0 0
or
. all). o5, 4 (dlogHy ., d ,dm -
2.5 (57) 2.5b = v, b= ( ”>“0 (1-16)
where b 1s a constant. From Eq, I-16 it 15 seen that éﬁ'}-{ 1s a "color term', that s,

it represents a change 1n color 1ndex with frequency.

Extending the above lu die Previous two-color example, Eqg. [-6 tecomes

| H, H, ) (r AH, AHVk
(m-k} = - 2.5 Log:[-{—m + 2.5 log " -{ —-ﬁ-'m g {I-17
% v (K) Ym Y,
l’AHu 0 A )
L—ITID——- " —~~i-i—-~_J X 2.5
\
um(X, Yy (X)
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]

and since the last term 1n Eq I-17 vaishes for (m-k) = 0, 1t must be a function of

~{m-k), that 1s

AHU ..\HV

=k = 6 mek) (I-18)
ym uk

2. MONOCHROMATIC MAGNITUDES

I order to svnthesize the absolute energy distribution in a stellar spectrum, it
1S necessary to reduce the measurements of magritude and color on various systems
to monochromatic fluxes, However, for the purpnase of derivirng bolometric cor-
rectiens, 1t is only necessary to obtain the morochromatic fluxes relative to the flux
at a common frequency. The monochromatic magnitudes of Code (1.00) provide an
accurate and convenient system to which the magnmitudes ahd"colors of other systems
may be veduced.

The monochromatic magnitude 1s defined by

m (n) = - 2.5 log Tfri(‘l('%%) (1-19)

where m (n) :s the magnitude per umt frequency interval relative ton = 1,390
microns 'l, H (n) 1s the monochromatic 1rradiance at the top of the atmosphere, and

n is the wavenumber in reciprocal microns, that 1s

.4
a= % microns > = l*_’_c._.. . (1-20%

where ¢ 1s the velocity of light, Consider now the magnitude X where

/AH
. ox ~
X = - 2.5log H () - 2.5 (—h—x_— - 2.5%0g [ S, (X)dv+ Cy a-21)
oxX
ana substituting Eq. I-19 gives
AH
. Yox
X=m (nox) - 2.5 log H (1.80) - 2.5 - |+ constant (1-22)
AH, Yox
Now let ¢ (A n) = - 2.5 —ﬁ———o-}& . Defining a magnitude V such that a (V)= 1.80

v
1 0X
milcrons = one may write

V : - 2.5 log H (1.80) - ¢ (An)* constant {1-23)
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which, after substitution and rearrangement yields the result
, - LA ’ P
m {ny) = (X-V) + [¢(An)- ¢ {&n)] + constant (1-24)
where the term ¢ (A n)1s proportional to the rate of change of the color curve
/
evaluated at the constant energy waverumber n of the X magnitude, and q)/(A n) 1s
proportional to the rate of change of the color curve evaluated at n = 1.80. Thus,

the transformation {rom a cclor system contaiming V to 2 monochromatic magnitude

will be a funcuon of color only.

3. REDUCTION OF U, B, V DATA TO THE SYSTEM OF CODE (1960)

Constant energy wavenumbers for the U, B, V magnitudes of Johnson and Morgan
(1953) computed from Eg. [-2, (Code 1960), are shown in Table 1-1.

TABLE I-1. Wavenumbers for U, B, V system

U B \
n 2.89 2.29 1.83

Writing Eq. I-17 in terms of the B and V magnitudes one cbtains

(B-V) = 2.5 log ggg’ + 2.5 log -g—‘;%—g-%% (1-25)
o BB LA L e
Eq. I-19 1n terms of the B ana vV magaiwdes becuiass g
m (2.29) - m (1.83) = 2.5 log -3—%—%—% (1- 26}
and combining with Eq. [-16 and [-25 )
(B-V) = m (2.29) - m (1.83) + 2.5 log -42:29) (A0V) (1-27)

5 H (1.83) (AuV)

- ¢ {B-V) + constant
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Noti‘:ng that the third term on the right side of Eq. I-27 15 a constant and m (1.83) =
m {1.80) = C, Eq. I-27 may be written

m (2.29) = (B-V) + ¢ {B-V) + C (1-28)
or representing 0 by a polynomial expansion we have *
m (2.29) = a = a (B-V* a, (B-V)P v - -, (1-29)
and in a similar manner
m (2.89) = by + b (U-V) + by (U-V)F + - - -, (1-30)
A
) [
The coefficients, I D bo, bl’ - - - -, may be evaluated from the

monochromatic magnitudes of the stars in Code's (1960) list, and their U, B, V
magnitudes as measured by Johnson and Morgan {1953), Johnson and Hiltner (1956),
Jonngon (1985), and Johnson and Harris (1954). Table I-2 presents the stars from
Code's list for wnich U, B, V data are available together with the interpolated values
ot m(2.29) and m(2.89), Figure [-1 1s a plot of m{2.29) against B-V, and Figure I-2,
a plot of m(2.89) versus U-V, It1s evident from these figures that if a nonlinear
term is present in these relations, then there is insufficient data to evaluate the
magnituae of that term.

On the basis of these plots the data were fit by the method of least squares to

m {2.29) = ay *+ a (B-V) (1-31)

m (2.89) - b, + b {(G-V), (1-32)
and the following transformation equations derived:

m (1.83) = 0.0
m {2.29) = 1.000 (B-V) - 0.102
m {2,89) = 1,049 (U-V) + 0.881
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TABLE I-2. U,B,V data and associated monochromatic
magnitudes for the stars of Coae (1960)

Star Spect. B-V U-B U-v m(2.29) m(2.89)
10 Lac 08 v -.20 -1.04 -1,24 -.30 -.46
€ Ori BO I, -.20 -1.06 -1.28 -.24 -.43
v Ori1 BO V -.27 ~1.11 -1.,38 ~-.36 -.53
71 U Ma B3V -.20 -.68 -.88 .31 +.03
g Or1 B8 I -.03 -.69 -.72 -.13 +,04
o Lyr AoV 0.00 -.01 -.01 ~-.16 +1.09
a Cyg A21, +.09 -.25 -.16 +.07 +1.03
g Tri A5 III +.13 +.08 +,21 0.00 +1.48
B Ari A5 V +.14 +.10 +.34 ~-.04 +1.30
p Gem FOV +.31 ~-.04 +,27 +.21 +1.37
73 Or1 F6 V +.46 0.00 +.46 +.32 +1.34
A Ser GO V +.60 +.11 +.71 +.54 +1.56
16 Cyg A G25V +.64 +.19 +.83 +.58 +1.66
51 Peg G4 V +.68 +.20 +.88 +.54 +1.59
16Cyg B G4V +.66 . 20 +.86 +.57 +1.73
a Tau K5 III +1.51 +1.81 +3.32 +1.76 +4,36
6LCyg & K5V +1.19 +1.10 +2.29 +1.26 +3.38
a Ori M2 Iy +1.48 +2,47 +4,15 +2.15 44,98
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Figure I-1. Plot of m(2.79) from the Data of Code {196G) versts
the B~V Index of Johnson and Morygau (1953).
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Figure [-2. Plot of m(2.89) from the Data of Code {1060) versus
U-V of Johnson and Morgan (1953),

4. REDUCTION OF THE P, V DATA OF EGGEN (1955, 1957) TO THE SYSTEM
OF CODE (1960)

The constant energy wavenumbers for the P and V magnitudes calculated from

numerical integration of the published sensitivity cuirves of Fggen {1955) are

1

n (V) = 1.8 microns’

n (P)

2.31 microns . [
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D
In the same manner as Section 3, one may derive an equauon analogous to

« Eq. I-27, that 1s

(P-¥) = m (2.31) -~ m (1.89) + 2.5 log g{fg;; BV =0, s @-v)

or

m (2.31) = (pv>+m(139)-9slog§ ;< T e@-v w32

However, m (1.89) may be considered a correction term due to the shift of zero

point with wavenumber from Code's m (1.80) and thus m (1.89) w:ill be a function of
color, that 1s, m (1.80) = m (1.89) + Am (P-V), and expandiug in a series of

polynomials, ror
a = - - 2 + e e -
m (1.89) = ag + a, (P-V) + a, (P-V)
and
- - - 2 - - -
m (2.31) = bo + bl (P-V) + b2 (P-V)© + .

Table I-3 is a tabulation of the stars from Code's iist for which P, V data are
available, Altnough the number of stars is small, the relationstups as shown in

TABLE I-3. P,V data and the associated monochromatic magnitudes
for the stars of Code (1960)

Star  Spect. v P-V m(1.89) m(2.31)
nUMa B3V 1.89 -.212 ~.UB6 -.52
6 Cyg B9.5 I .87 -.155 *-.031 -.17
B8 Ari A5 V 2.70 +.021 0.00 -.04
pGem FOV 4.21 +.201 4,046 +.22
@ Boo F2 v 4,48 +,236 " +.052 +.31
3 Orj F6 V 3.16 +.334 +,081 +.34
A Ser Go v 4.39 +.504 +.087 +.54
51 Peg G4V 5,46 +.572 +.008 +.85
a Tau X5 111 0.71 +1,454 +.291 +1.,70

v
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Figures I-3 and I-4 appear to Le fairly well defined and a 1east squares solution

~ y1elds the transformation equations

and

m (1.89) = 0.195 (P-V) - 0.003
*
m (2.31) = 1,163 {P-V) - 0.014.
! 1 I ( { 1
1.6 fem
1.2 =
98
]
o
E
0.4 |~
0.0
0.4
A i1 1 L i
~0.4 0.0 © 40,4 +0.8 +1.2
P-v

Figure I-3. Plot of m (2.31) from the Data of Code (1960) versus
the P-V Index of Eggen (1955,1957).
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5. ) CONVERSION OF THE R AND ' MAGNITUDES OF KRON AND WHITE (1953),
KRON AND GASCOIGNE (1953), AND KRON, GASCOIGNE, AND WHITE (1957) TO
THE MONOCHROMATIC MAGNITUDES OF CODE (1960)

The constant energy wavenumbers for the R and I magnitudes obtained from Kron
*

and Smith (1950) are

n(R) = 1.49 microns
n(l) = 1.2] microns *

The R, I magnitudes taken with the P, V magnitudes of Eggen may be considered to

form a four color system, since the zero point for R, [ is definedas R = [ = P for

stars which P-V = 0. Thus, 1a the manner of Section 3 dne may derive

H (1.49) (P-V

H-smD -3

(R-I) = m (1.49) - m (i.21) + 2.5 log

H (1.21) (P-V
and following Section 4
m(1.49) = ag + 3, ®R-D + ap R-D + - = - (I-34)
m (1.21) = by + b, ®R-D) + by R-D? + - - -, (1-35)

The corresponding dacwa of Code and Kron, and others, are presented in Table -4
and plots of m (1.45) and m {1.21) versus (R-I) are shown in Figures I-5 and I-6

Least squares solutions yield the following reduction equations:

[}

0.308 - 2.23 (R-I)
0.106 - 1,208 (R-1).

m (1.21)
m (1.49)

1




TABLE I-4. R,I data and the associated monochromatic magnitudes

for the stars of Code (1560)

Star Spect. R R-I m(L.48) m(l.21)
£ O BO I, 1.88 -0.20 +.28 +.64
v Or BO V 4,84 -0,25 +.46 +.90
B Or: B8 i, 0.30 -0.08 +.16 +.48
a Lyr AO V 15 -0.09 +,23 +,48
| 5 T Ad Il .78 +0,07 + 1R - 33
3 Ari A5 V 2.75 -0.02 +.17 +.40
73 Ori F6 V 3.05 +.16 -.09 -.03
A Ser GOV 4.20 +,29 -.16 -.15
61 Cyg A K5V 4.60 +,47 -.47 -.76
—
] [
+0.8 |— —
+0.4 P~ -
s
0.0 - -
-0.4 ~—
0.8 | ! ! 1 I
-0.4 -0.2 0 +0.7 +0.4
R

Figure I-5.

Plot of m (1.21) of Code versus the R-I index of Kron.
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[ 0.0 — —
g
0.2 v —
-0.4 - -
i | ] | |
-0.4 -0.2 0 +0.2 «0.4

R-I

Figure [-6. Plot of m {i.49) of Code versus the R-I Index of Kron.

6. REDUCTION OF THE SIX COLOR PHOTOMETRY O STEBBINS AND WHITFORD
(1945), STEBBINS AND KRON (1956), AND KRON (1958)

lable i~5 glves th= constant energy wavepurnbers fur {ie 513 COlOT 3y3itm ad
obtained by Stebbins and Kron {1957).

TARJ.E I-5, Wavenumbers of Six Celor Photometry

U v B G 2 1

n 2.84 2.45 2,08 1.74 1.48 1.09




P

"The six colors are ~c.or mndices, They represent magnitude differences refeired

<te the mean value of BGR for each otar measured. The common zero point of the

system s then se’ by reduction of the colovs to the standard U - V = B = G =R =
I = 0.0 for the mean value of the colers of ten stars ot spectral vype dGS6.
Consider the magnitude Zm where Z_ can be any one of the measured maguitudes

m
*

for the above si1x colors, then in gereral

(z 3 i, dr + constant {I-386)

Z = <. % log fow S, m

m 1

and defining the mean of measured BGR magnitudes ZB' ZG' ZR as Z , then

Zo,+ Z.,+ Z .
- > > R 2.5 oo
7, = 9] 19 z . 2 [-].o S (Z.) H dv (I-37)
3 3 & jO v B3 v

. X , n "
+log [0S, (2g) H,dv « log [o7 S, (Zg) H dv | * constant.

Defining Z’ as the color of Zm related to the mean of BCR and expanding in the

form of Eq. I-14 cne obtains

2

i - Lo W4 r
7 = - = L) ® g \ . * { . [ ]
) Z=z_ -Z=% log [10 S, (2y) dve [78, Z)av. [78, (Zg) v
AH AH AH

2.5 { B G R
+ 5= < log Hy + log H, + log Hp + =7 + + ——-,w—}

3 B G R Eg HG :IR

AHZM - |
-2.5 log HZm - 25T - 2.5 1og JO S, \"Zm) d v
m

+ constant (1-38)

The reduct;on to the standard 2G6 star then results in the color Z,

H AH AH
o Ty s Z Z Z /
/
z = 2’ - Z/(aG6) = -2.5 log mB—m - 2.5 [ 2 (dGs)]
“n("G6) Z'm Zm (dGB)
< B, H
+2.5 %10 T+ g + log

B (dGb) G (dG6) R {7GS5)

AH AH, (dC6) (dGo*

. [ \B ) 8 (dC8) ] . {'AHG ) AHG (dGG

. IAB \.‘IB (dGs) L HG H.G (GGB)
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The term within the braces 1s a constant for anv parucular star ang thus applies
to all si1x colors. It provides normalization of the received tlux to a constant energy
wavenumber near *hat of the G mogritude; Thus, tne color Z 1s a meagure of the
fiux recerved at the n {Z) wavenumber relative to that recenved irom a dG6 star of
the same apparent magnmtude.

* 4
The six colors may be reduced to a star of solar type {G2V) by comparison to
stars commen to the list of Stebbins and Kron {1957), for which the colors of the sun

were taken to be zero, and the Lst of Stebbins and Kron (1955 re‘erencea to dGS,

Table [-6 presents these data and the derived correction term

Am {n) = m(n) 1957 -min) 1956.

TABLE 1-6. Comparison of the data from Stebbins and Kron {1957)
with Stebbins and Kron (1956) for reduction to the sun

Star Spect, U v B e R I
3 Com GO V -.08 -.07 -05 +~03 +.02 -0l min), 1957
-.26  -,16 -.06 -.02 +,09 +.10 m(n), 1956
+.14  +,089 +.01 +.05 ~907 -.11 A
A Ser G0.5 V -.05  -.07 -04 +.02 +.0° -.06 min), 1957
-.13 0 -.10 =03 +01  -.03 =17 raln), 1956

1
.08 +.03 -.01 +.03 -.01 -.23 A

HR 483 G2 v +,06 .00 00 .00 .00 -.09  min), 1957
-2 - 14 -.02 -.02 +.05 4,11 m(n), 1956
+.27T 4.4 408,02 +.05  -.20 Am

51 Peg G4 V =15 =05 9¢  +.01 -0l =11  min, 1937
£.02 ~Us ~Us =01 =02 0 aaful, 1356
+.13  +,08  +01  +,02 ~.01 ~.21 An

Mean Am (n) -~

-
w
1
=
[e5]
<
—
t
(&)
8]
t
(&)
N
[}
—




“The mean values of A min)} from the Table I-§ have been chosgen as the appropriate
terms to be added algebraically to the six velers for reduction to G2V, and the

monochromatic fluxes relat'vc to n - 1.874 are caiculated from

H (n) H (,.80) G2V

Z + Amin) - Z (1.80) = -2.% log T (1.80) -2.5 log B0 G2V (1-40)
-
or
.. B T Lo H (L) G2V
m(n) = -2.5 log T (e - “ + Ain (n) - Z{(1.80) -2.5 log T (1.80) GOV
(I-31;
where
H (1.80) y
=z =% A S e 47
Z (1.80) 2.5 lve §11780) Gov . (1-42)
and 1s determined from linear inierpolation of the B and G colors,
z (1.80) = B + B33 (1.80-2.08)
Z (1.80) = 0.176B + 0.824G. (1-43)

The last term of Eq. I-41 is tne munochromatic magaitude of the Sun at the
wavenumber r:, Values of the solar monochromatic irradiance I{U {ergs cm"2 sec—l
cps'l)‘ are given in Table I-7 as calculated from the H, (watts/cmz/mlcron) data of
Goldberg and Pierce (1959) Also tabalated are monochromatic magnitudes calculated
by Eq. I-16.

It should be notad that in E£q. "-41 terms of the forméﬂiI have been dropped. This
could lead to a systematic error in the derived monochromatic fluxes; however, these
terme wall approach zero for stars of solar type. and Whitford's (1958} evaluation
finde a mavimim of éﬂg = 0 0% magmtindes for stars of apectral tvpe R. Thus, 1.1‘ 18

assumed that any systematin error mntroduced will be small.

The final reduction equations are as follows:

m (2.84) = U - Z (1.80) + 1.673
m (2.45) = V - Z (1.80) + 0.778
m {2.08) = B - Z {1.80) + 0.197
in {(1.74) = G - Z (1.80) - 0.018
m (1.48) = R - Z (1,8C) ~ C.2LA .
m (1.09) = 1 - 2 (1.80) - 0 4il.
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7.-" REDUCTION OF THE INFRARED MAGNITUDES OF JOHNSON (1961), LUNEL (1960),
AND MITCHELL AND HANIE (1961) TO MONOCHROMATIC MAGNITUDES

Recently three investigators have published measurements of the infrared
inagnitudes of stars obtained with relatively narrvow b: ndpzss filters. These are the
K and L magnitudes of Johnson (1961), the m_ and my magnitudes of Mitchell and
Hanie (1561, 1961a), and the ma,q and Ma,q of Lunel (1960),

The K and L. magnitudes were measured at McDonald Observatory with a
refrigerated indivm antimonide detector using square bandpass interference filiers
to 1solate the two spectral regions. The m  and my magnitudes were obtained at
Mt., Wilson Observatory and Perkins Observatory using a cooled plurobide detector
and bandpass interference filters, The Mmeiy and my.a magnitudes were meased
at the Haute-Provence Observatory using a cooled lead sulfide detector; for My
a long wave cut-off interference filter plus a filter composed of germanium, and,
for Mpiq 2 filter composed of alum and gelatin. The coansrant energy wavenumbers

for these magnitudes are given in Table I-8.

TABLE [-8. Constant energy waveaumbers for
infrared magnitudes

—ld

K L m my mA+G mGw‘-I

n .454 .270 .453 .268 .346 445

The values for m,, my, my G and mes, [ were calculated from Eq. I-9, while the
values for K and L were obtained from Johnson (146]).
h - n - =/ -

The above magnitudes are on a system such that (K-L) (m, my) (M awG m(}ri)
= for an MOV ctar,

The K and L magnitudes have been reduced to monochromatic magiutudes by
reduction to the Sun (Table I-7) and ithe mean colors of the stars HR 483, 3 Com,
and § Her. 8 Com and { Her were considered usable since the:r effective tempera-
tures, as given by Keenan and Morgan (1951), do not differ apprec.ably frem those
of HR 483, ' ’

Table I-9 presents this data.




TABLE I-9. Data for reduction of K and L.

Star Spect. K K-V K-L L-V Te(°K)
HR483 G2 V 3.36 -1.55 - - 5730
B Com GOI1IV PR -1.53 +.22 ~l*:75 5750
{ Hev GO IV 1.32 -1.50 +.16 ~1.66 5750
Mean - - -1.55 +.19 -1.70 -

The reduction equation for K is

- H (.454) H (.454) (AQV)
(K-V) = -2.5 log ﬁ—%m + 2.5 leog mm, (1-44)

y "

which for a star of solar type beccaies

) H (.454) (A0V) _ (o on . .
2.5 logm = (K V)® m (.454)(D 2.01.

Thus Eg. I-44 becomes
m (.454) = (K-V) + 2,01 (I-45)
and sumilariy fc: the L magnitude we have

m (.270) = (L-V) + 3.05, (I-48)

Eilamination of Takle (-8 reveals that the wavenumbers of m, K, and i are

+1

very nearly the same, thet 1s, T, = 0.450 = .005. Plots of r1_and m versus K,
0 X

G+1
ghown in Fignurac 1.7 and 1-3. show m and m,, , to be linearly related to K. Thus,
A Y

reduction equations for m and mq  ¢an be derived from Tq. I-45,

m v.445) = 0.912m -V + 2,01 (1-47)

G+1

L

n {,483)

(mX~V) + 2.01 (I-48)

for the obszrvazions made at Perkins, and
m 1,453) = (m_-V) + 2.18 (1-49)

for those made at Mt, Wilson.
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e MT, WILSON
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Figure 1-7. Comparison of m. of Mitchell and Hayme
with the K Magnitude of Johnson.
3

Ir. a ;umilar manuer, the magnitudes L and m  may he related (see Table 1-8

and Figure I-9), and the following reductions derived for the Mt. Wilson daia

m (,268} = 1.08?1'1y -V + 3.20. . (1-50)

and for the Perkins data

m (.26C} = 0.728my ‘Y + 2.18. (1-51)
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Figure [-8. Cormparison of the ¥ Magnitude of Johnson
with in., . of Lu..

In tlie case of those stars for wnich no V m.agnitude 1s available on Johnson's
system, the V magmtude cf Zgyeu has been used in the reduction equations. Figure
T 10 1s a plot of VJ versaus VE for the stars co.sidered in this paper. For practical

purposes the correlation i3 one to one,
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figure [-9. Comparison of the L Magn:tude of Johnson
with tne my JMagnitude of Mitchell and Haynir, s

The magritude m g .. MY be reduced to a monsochromatic magnituce from
€ - = { ) -m | ‘onstan -
my . V) = m{.846) -m (1.80) + Constant . {I-52)

wherc the censtant may be evaluated from

Coustasn;, = (mA+G -

V) - (.846) . 1-53)
© 0]
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Figure I-10. Comparison ¢f the V Mugnitude of Johns~zn
and Morgan with that of Eggen.

The value of the tnaey My a-V ewu oviatned o Fagure 17 of Lunzgl {1082}

and m (.846)® was read from Table I-7. The resulung reduction ‘e:quauon is
m (.8468) = (m,, - V) + 0.778. (I-54)

Ar o check on the accuracy of the reductions the sarne procedure wasa used {or
m (.445) to give

m {.443) = (m(‘ﬁl -V) + 2.17. (I-55)

Valuez of m (.445) calculated from Eq. [-55 agree with those ralculetzd from [-47 to
vithin &+ 0.1 magnitude.
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Monochromatu< magnitudes calculated from the equations developed 1n this section
{Section 7) may be expecied to have larger uncertainties than thuse derived in the
pievious sections. This 18 because there are few stars aveilable for .ransformation
of the zero point, thus requiring one to rely heavily on the measured values of one
or two stars rather than on mean values. An additional factor contributing to the
uncertainty arises through the inability to derive empirical cor~ections to the flux
due to color termns of the tvpe éﬁﬁ . Tc properly evaluate the effect of such terms,
one will need data taken with a @pectrum scanner operating in the infrgred reagion.

8. CONVERSIOH OF SPECTRAL S8CANS 10 THF SYSTEX OF CODE

Reduction of the spectral scans of Bonsack and Steck (1957) to that of Code was
accomplished by the addition of the magnivudes A m listed in Table I-10. Theae
values were taken from Table 3, page 111 of tne cbove referenced paper.

TABLE [-10, Corrections to sonvert the spectral scans of Bonsack
and Stock to monochromatic muagnitudes of Code

n Am n Am n Am
2.04 -.02 2.38 .32 2,83 -.25
2.08 -.05 z.40 -.2% 2.7 -. 43
2,12 -.08 2.44 -.23 2.7¢ -.44
2.18 -.11 . 2.48 ~.24 2.80 -.45
2.20 -.12 2.52 -.27 2.84 -.55
2,24 -.15 2.58 -.35 2.88 ~.74
2.28 -.17 2.60 -.28
2.72 -.19 2.64 -.27

Reduction of the scan.er dats of Hall was accomplished by the sddition of the
-
magnitudes & m lsted in Table I-1} for each wavelength and reduction by the V
magnitude of Johnson. These values were taken {rom Table 8, pag- 84 of Code
{1969).

The zpectral data of Oke (1960) requives »n correction, aa it is presented on
the syztem of Code,
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TABLE [-11. Corrections tc convert the spectral scans of Hall to
monochromatc magnituaes ot Code

B Amherst Data Sproul Data
A n Am Y n A
.450 2.22 -,12 .56 219 -.11
.500 2.00 -.06 505 1,38 ~-.06
.950 1.82 -0t .553 1.81 .00
.600 1.67 .03 .601 1.66 +,14
.650 1.54 +,22 .649 1.55 +.,22
701 1.43 +.23 696 1.44 +.26
.751 1.33 +.38 715 1.34 +.36
.801 1.25 +.50 L7194 1.26 +.48
.851 1.18 +.52 840 1.19 -.51
.881 1.14 +.53 .889 1.12 +.53
.935 1.02 +.,60
1,632 0.97 *ZE_S_

9. COMPUTER PROGRAM FOR THE REDUCTION OF PHOTOELECTRIC COLORS
TO MONOCHROMATIC MAGNITUDES

The purpose of the computer program 1s to facilitate the reducticn of the colors
and magn:tudes, measured on the various photoelectric color zystems, to a common
system--the monochrematic magmtudes of Code (1060},

Magnitudes and colors are entered on one or more cards for each color system.
The cards are coded by placing an integer from 1 to 11 in the secend column of the
data card, or in the first and second columns :f the iateger 1s ten or greater. This
integer identilies the COLOr system ana determines the cype of conver sion (U be
performed. A list ol the eieven duta codes are as followvs: )

Code 1. U, B, V data of Jchnson and Morgan. Data tu,be emered in the order
3, (B-V), (U-B), &, (K~L)

Code 2. Data of Lunel to be entered in the order MaLe Mail

Code 3. Data of Mitchell and Hanie to be entered in rhe order m,, my

Code 4. Six Cclor Photometry of Stebbins and Whitford to be entered in the
order U, V, B, G, R, I

Code 5. P, V Photometry of Eggen to be entered in the order V. (P-V)

Code 6. R, I Photometry of Kror., and others, to be enteced in the order R, (R-I)

Code 7. Amherst data of Hall to be entered in orcer of decreasiag wavenumber
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Code 8. Sproul data of Hall tc be entered in order ot decreasing wavenumbar
Code 9. Scanner data of Oke - 1n order of increasing wavenumber

Code 10. Scanner data of Bonsack and Stock - in order of increas:ng wavenumber
Code 11. Scanner data of Code - in order »f decreasing wavenumnber,

Preceeding each set of coded data cards must be a card which :Jentifies the star
and the number of magnitude systems (N) to be considersd in the calculation for that
star, The information entered on this card, the star name, catalogue number, and
spectral type 1s read alphanumerically and storea in BCD for use as page headings
inthe outpat record. Any number of stars up to 999 may be includecd 13 the input
data; however, the {irst card in the input deck must bear a singie integer (NSTARS)
equal 1o the number included.

Any number of combination of data codes may be included for each star; however,
if a V magnitude 1s not entered 1n either Code 1 or Code 5 no conversion is possible
for data of Codes 2, 3, 7, and 8 sinice these require a v x;xagmtude in the calculation,
An additional restriction imposed cn the data curds 1s that the data within each
code group be complete, If a magmtude or color 1s inissing or not available, then
the value 10.0 must be entered in :ts place, otherwise the missing magnitude will
be interpreted as m = (.0 and thus an error will result.

Upon reading a data card, the program executes the branch indicated by the data
code; The magnitudes are reduced according to the appropriate equetious {as
previously derived), the corresponding wavenumbers supplied, and the results stored
in order of increasing wavenumber, After all the data on a given star have been
1 educed the monochromatic flux relative to that at n = 1.80 1s calculated. The
absloute value of the irradiance (ergs cn'f2 sec’l cps'l) accordung to Cede's {1960)
calibration of the V magnitude is alsc¢ calculated,

The following pages are a listing of the Fortran coded program, which, although
compiled in Altac and run on a Philco 2000 - >mputer, 1s tully compatible with the
IBM 7090 with the zddition of the appropriate Monitor control cards. Following tne
program listing 1s a listing of typical input data cards. L
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c 2 PROGRAM FOR CONVERSION OF COLGRS TU MONUCHKRCMATIC MAGNITUDES

DIME~STON XMAGIZ28)yGNUL 103 ) s XMON( 102 sFLX(103)93TARI18; 9FFLX(1031
1GONU(103) o NUMIL1C3)+V(2) s XIR(6) +MM(LL) +ABFLXEL103) o XXMON(1Q3: s
QAFLX(103)
READ INPUT TAPE 11,1004NSTARS

1C0O FORMAT(I3)

2 READ INPUT TAPE 11,101s(STAR(])sI=19312HDsSPECN

101 FORMATI(3A64FTe0s1A6»I12]
NN=N A
K=0

14 NUMCT)
1
255 XIR!11=0.0

32 vi1)=10.0
JJ=0
JH=U
JL=0
JU=0
13 DO 256 [=1+28
: 256 XMAG111=204.0
READ INPUT TAPE 11+102+sMe{XMAG(])sI=1s14)
102 FORMAT(12:16F5,.2)
K=K+1
MMIK) =M
N=N=~1
GO TC (192933495169 73899210911) M
C uBv DATA
1 XMOM{41)=0.0
NUM(&1 =1
AMON(65)=XMAG(2)~06102
IF(XMAG({2)1-9.0115415416
15 NUM(65)=1
16 GNU(651=2429
GNU(41)=1.33
XMON{100)=1e049%(XMAG{2)+XMAG{3)}+0.881
. [F(XMAG(3)=940) 17917918 L
' LI MUM{LUUj=]L
18 GNU(100)=2.89
VI1)=XMAG(1)
IF{VI1)1=940119919+20
20 XIR{1)=XMAG(4)
JJd=1

XA
Wt hre =




U=
XIR{2)=XMAG(5)
. GO TO 200
19 XMON({5)=(XMAG(4i—-XMAG(1l))+2.01
[F{XMAG(4)—-9+0)21921922
21 NUM(5)=1
22 GNU(5)=0e450
XMON(2123405~( XMAG(E) - XMAG(1)=XMAG(4))
IF(XMAG(5)-940123923»24
23 NUM(2)=1
264 GNU12)=04270C
200 1F{N)Y201+201413
z LUNEL CONVERSION
2 IF(VI11=940)3J930,31
31 XIR{3)=XMAG(2)

Jd=1

e JL=1
XIR(4)=XMAG(1)
GO TG 200

30 XMON(31=04912%XMAG(2)+2.01-V (1}
IF(XMAG(2)~9423)133+3393¢4

33 NUM(3)=1

34 GNU(3)=0e445
XMON(6)=(XMAG(1)=VI(1)1}+0.776
IF(XMAG(1)-9¢2)35533936

—w e 35 NUM(6)=1
36 GNU(6)=04866
L IF{N)1201»201+13
L c HANIE CONVERSION
. 3 IF(V(1)=940)42940941

s s 41 XIR(S)=XMAG(L)
5t aenim JJd=1

JH=1
o s XIR(6)=XMAG (2}

GC TO 20C

40 XMON({4)=(XMAG{1)=-V(1))+2.18
IF(XMON(4)=940)42+42y43

42 NUM{4) =}

43 GNU(&1=0e453
XMON(1)=1eUG*XMAG(2143420~V(1)
IF{XMAG{2)=9+0)44 944425

T
o o

44 NUM(1l)=.

45 GNU(1)=0.268
woocem IF(NI201»201013
7 R | C 6 COLOR CONVERSION

4 X=0e176%#XMAG(3)+0.824%XMAG(4)
XMON(97)=XMAGI 1) +0e15=X+1e523
IF(XMAG({1)-9+0)50450+51

50 NUM(9T =1

51 GMU(9T7)=2.84
YXMON(T75)=XMAG( 2] +0e08=~X+0 598
IFIXMAG({2)-940152+52+53

52 NUM(T75,=1

53 GNU(701=2445

- XMON(52)=XMAG(3)+0.01~X+0,187

NUM(52)=1
GNU{(521=2.,08
XMON{36)~XMAG(4)+0e03=X-04068
NUM(36)=1
GNU(36)=1s74




Caw sy

LAt o

72

54
55

AN

56

301

300
304
302

XMON(26) =AMAG (51 =0+04~X~04178
NUMI261=1

GNU{26)=1a48.
XMON(10)=XMAG(61-0a19=X~0s221
[F{XMAGL{E)~9:D0124954455
NUM{1U)=1

GNU(1C)=1e09
IF(N)}201y201543
PyV_DATAEGGEN CONVERSIQN
V(2)=XMAG(1)
1F(XMAG(2)-Ge015T7957556
AMON(42)=Cel95%XMAG!2)-04003
NUM{a2)=1

GNU{4cg) .89
AAON(671 =1 163 *XMAG(Z) ~Qe QL4
NUM{6TI=1

GNUL6T71=2.31
IF(N)2019201913

Rsl KRON_CONVERSION
XMON(17)1=04308~223%XMAG(2)
NUMELT)=1

GNU(17)1=1e21
XMON(27) =0+ 106-1+208%XMAG(2]
NUM(27)=1

GNU(27)1=1.049
IFIN)201,20U1s13

HALL AMHERST_DATA_
IF(V(11-9,01300,300,301
vv=vV(2)

G0 TO 304

vV=V{1l)

DO 302 I[=1lsl4
AMAGLT Y =XMAG(I)=VV
AMON(61)=XMAG1)=0412
NUM(61)1=1

GNU(h1)1=2.22
AMON(47)=XMAG(2)=0.06
NUM{471=2400

XMON{(40) =XMAG(31-0.01
NUM{40) =1

GNU(401=182
XMON(33)=XMAG(4)+0.C3
NUM(33)=1

GNU(33)=1e67
KMON(29)=XMAG(5)+O-ZZ
NHM(29)=1

GNU(29)=1.54
XMON(24)=XMAG(6)+0.29
NUM(24)=1

GNU(24)=1e%3

XMOM (21 )=XMAGIT1Y+0438
NUM(21)=1

GNU{21)71e33
XMON(1b5)=XMAG(8)+0.50
NUM(181=1

GNJ(181=1e25
lﬂON(l5)=KMAG(9)+Oo52
NUM(15)=1

GNU{15)=1.18




L5

306

305
307
3¢8

NUM(131=1

GNU(L3):=1lels
IFINI2ULs2Ulnl3

HALL SPROUL DATA
IFIV(1)-94013059305,306
V=V (2)

GO TO 307

vv=Vi(l)

DO 308 1=1,14

XMAG (1) =XMAG(]1-VV
XMON(58)=XMAG(1)-0e11
NUM(58)=1
GNU'98)=241%

XMON( 46)=XMAGT 2)~0.06
NUM(46) =1
GNUt461=1.98

XMON(39) =XMAG(3)
NUM(39)=1
GNU(39)=1.81
XMON(32)=XMAG(4)+0el4
NUM(32)=1
GNUI(32)=1.66
XMON(30)=XMAG(5)+0e22
NUM(30)=1
GNU(30)=1.55
XMON(25)=XMAG(&)+0.29
NUM(25)=1
GNU(25)=1.44 .
XMON(22)=XMAG(T)+0+36
NUM(22)=1
GNU(22)=1e34
AMON(20)=XMAG(B81+Ce48
NUM{2Q1=1
GNU(20)1=1426
XMON(16)=XMAG(9)+C.21
NUM(16)=1
GNU{16)=1.19
XMON(12)=XMAC(10)+0e53
NUM(12)=1
Gr(12)=1.12

XMON (91 =XMAG(11)+0+,60
NUM(91=1

GNU(9)=1.02
XMON(7)=XMAG(121+0+66
NUM(T7)=1

GNU{71=0.970
IFINY2019201913

OKE SCANNER DATA
XMON{ 34 =XMAG( 1)
NUM{34)=1.
GNU(34)=1.70
XMON(37)=XMAG(2)
NUM(37)=1
GNU(37)=1.80

XMON (4331 =XMAG(3)
NUM(43)=1 *
GNU(43)=1.90

XMON( 44) =XMAG(4)

NUM(4a)=1

GNU(&44)=1.95

v
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XMON{ 48)=XMAG(5)
NUM(4B) =1

GNU{ 48172400

XMON (507 =XMAG(S)
NUM{501=1
GNU(501=2404
XMON(531=XMAG(T)
NUM(531=1
GNU(531=2,09

XMON {551 =XMAG( 3}
NUM(551=1
GNU(551=Z2s 1%
XMON{59) =XMAG(9)
NUM(597=1
GNU{591=2.19
XMON(63) =XMAG(1C)
NUM(B3 ) =1
GMU(631=2.24
XMON(66) =xMAu(11)
NiMIE6) =1
GNU(661=22.29

XMON {69} =XMAG(12)
NUM(691=1
GNU(691=2435

XMOM (72 =XMAGI13)
NUM(T2)1=1
GNU(72)=2440
XMON( 76) =XMAG! 141
NUM(T51=1
GNU(T76)=2445

READ INTUT TAPE 119102sMs(XMAGII)s[215528)

XMON1T79)=XMAG(15)
NUM{T739)=1
GNU(T791=2.48
XMON(82)=XMAG(16)
NUM(821=1
GNU(821=2456
XMOM(84) XMAG(17)
NUM(84)=1
GNU(84)=24060
XMON(871=XMAG(18)
NUM(87)=1
GNU(BT)1=2.65
XMON(89)=XMAG!L 197
NUM(B39) =1L
GNU(89)=2.70
XMON{92)=XMAG({20)
NUM(921=1
GNU{9212Ze75
XMON(95)=XMAG(21)
NUM(Q51=1

GNU (95122480
XMONI(93; =XMAGL 22)
wUM(98) =1

GRU(98) 52,85
XMCN(101)=XMAG(Z3)
NUM. 121 =1
GNU{i101)=2.90
SMON{103=2XMAGL24;
NUM(103)=1




GNUI(1C3)=22.9%
IF(N)I2UL»2U1013
BONSACK DATA

READ INPUT TAPE 115102+sMs (XMAGIT)1,1215,28)

XMON(49)=XMAG(1)~0.02
NUM(491=]

GNU(49122,04
XMON{51)=XMAG 2)~0405
NUMI51)=1

GNU(511=2.08

XMON (541 =XMAG(3)-0.U8
NUM(54) =]

CNU(S41=2,12
XMON(56)=XMAGI{4)-0Uall
NUM(56)=1

GNU(56)1=2416

XMON(60) =XMAG(5)=0,12
NUM(60)=1

GNU1601=2.20
XMON(62)=XMAG(6)-0U415
NUM(62)=1

GNU(62)=2424
XMON{64)=XMAG(T7)1~0a17
NUM{B4)=1

GNU(641=2.28
XMON(68)=XMAG{8)=0.19
NUM{681=1

GNU(681=2.32 -
XMON(70)=XMAG(G)~0422
NUM{T701)1=1

GNU(70)=2.34
XMON(73)=XMAG(10)1~0.,22
NUM(T73)=1

GNU(T3)352,40
XMON{74)=XMAG(11)-Ued3
NUM{74)=1

GNU(T6122,44
YMON(T77)=XMAG(12!~0.26
NUM(T771=1

GNU(T771=2.48
XMON(80)=XMAG(13)-0427
NUMi8C)=1

GNU(8Q)=2452
XMON(B81)=AMAG 141 =025
NUM(81)=1

GNU{B81l)=2.56
XMON(853=XMAG(15)-0.26
NUM(851=1

GNU(851=2,60
XMON/86)=XMAG(16)-0.27
NUM(8&)1=1
GNUIB6)=2.64
XMON(881=XMAG(171-0.45
NUM(88)=1

GNU(8B)=2,68
XMON(90)=XMAG({18)~0.03
HUM(90)=1

GNU(901=2,72
XMON({93)=XMAGI19) ~Cebsts
NUM(93)=1
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GNU(92)=2.76

XMON (96 =XMAG( 201 ~Ueds5
NUM(941=1

GNU(941=2.30

XMON{96) =XMAG(21) =055
NUM{3e) =1

GNULG6)=2+84
XMON(9Q)=XMAG( 221078
NUMI991=1

GNU(991=2.88
IF(NI201201913

COSES DATA SCANNER

READ INPLT TAPE 11s102.Me(XMAG(I)sI=15+28)

XMON{ L02) =XMAG (1)
NUM(102)=1
GNUJ(1021=22+94
XMON( 317 =XMAG(2)
NUM(917=1
GNUL3L)I=2eT4
XMON(33)=XMAG(3)
NUM(831)=1
GNUt83)=2459
XMON | TH) =XMAG( L)
NUM(T78)=1
GNU178)=2.48
XMON(71)=XMAG(5)
NUM{T1)=1
GNU{T1)=2.39
XMON(57)=XMAG(6)
NUM(5T7)=1
GNU(57)=2.18
XMON(45) =XMAG(T)
NUM(45)=1
GNU(45)=1498
XMON{38)=XMAG(8)
NUM(38)=1
GNU(381=1.80
XMON(35) =XMAG(9)
NUME251=1
GNU(35)=1472
XMON {31} =XMAG(10)

MUM(31)=1
GNUI31)=1465
KMONT28) -XMACTIL
NUM{281=1

GNU(281=1.50
XMON(231=XMAG(12)
NUM(22)=1
GNU(23)=1.34
XMON{19) =XMAG(13)
NUM(19)=1
GNUI(19)=1.25

XMON (141 =XMAG(14)
NUM(l4)=1
GNU(1l4)=1l.106
XMON(11)=XMAG{15)
NUM(11)=1
GNU(11)1=1.C9
XMON(8)=XMAG(16)
NUM(8) =1
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201

71

64
6%
291

63
61

63
294
293

63

68

59
292
295

32

GNU(81=1sJ0
IFINYZOL1s201913

CONTINUE

IF{JJ)YTUs700 71
1FIVI1)=9.C)04sbbsb6D
vi2i=veil}

IF1JU)I2904+29V9 291
AMON(3)=2(XIR(1)=v(2))+2.01
IF(XIR(1)-9aL)6Us6UI6L
NUM(5) =1
GNULS)=0s454
VMON(2)234U5-(XIR{2Y+V(2)=XIR{1})
IFIXIR(2)=9eu} 62962463
NUMIZ2) =1
GNUL2120427C
[F{JL)1292+294293
CONTINUE
YMON(4)=0e912%¥XIR(3)+2.,01-V(2N
IFIXIR(3)=5eU)66+665067
NUMi3)=1
GNU(3)=Uebab
XMON(6)=(XIR(4)~v(2))+0eT76
IFIXIR(4)=940L)68968+69
NUM(6) =1
CRNULS) =0eB46
IF1JA)T0»T0295
CONTINUE
XMON (&) =(XIR(5)1=V(2))+2.18
IF{X'R(5)1=54L) 72972573
NUM(4)I=1
GNU(61=20e453
KMON‘1)=1,08*XIR(6)+3.20-V(2)
IFIXIR{6)=9.0)T4,T4s75
NU4(1) =]
OGNUL1)r=De26E8
CONTINUE

2w0.060/0443429448
IF(V{1)=%9.,0182+82,31
IFIV(Z)=9.0U)85485-86
viirsvi2)

2 A=EXPF(CXVIL1))

DO 60 1=1,103
FLX'T)Y=EXPF(C<XMONI(I))
ABFLACL, ZFLXt[)1*3eT1e~20%A
GO TO 87

CONTINUE

DO 8& 1=1,+103

FLXC: I =EXPF{C*XMONIT )
CONTINUE

SORT ROQUTINE

J=0

D0 63 1=1i4s103

IND=NUM( )

IF(IND)93+,93»92

J=J+1

L=J M
XXMON(J) =XMONE 1)
FRFLX( ) =6LX" 1)
GENUILJ)Y-GNUL T
AFLX{J)=ABFLX( 1)
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¢ 93 CONTINUE

[ WRITE QUTPUT TAPE 5+103, (STAR(11sI=143)yHDsSPEC, (MM{K)y+'=1sNN)

103 FORMAT{ 1M1 1luX+3A633%s3HHD sFT4093X11A655X910HDATA COLE 211477770

WRITE QUTPLT TAPE 5»1C4s (GGNUIT)yFFLXII1 sXXMONCI ) sAFLX(I}sI<TyL)

104 FORMAT(//2Xs]OHWAVENUMBERy16H FLUX/SLUX{148)916H MONO MAGHNITUDE,
12X 30H=-E/CMZ, S/CPS-5Xy TOUHWAVENUNBER 9 2X o 14HFLUX/FLUXt1e8) 92Xy
214HMGNO MAGNITUDE s 2R 9 13HH=E/CM2/8/CPS//7/(3XsF5e348X9F643910X956430
3RX E£E9e3210X9F5a398XsF6.391CA9F6e398X9EQe3))

[ NSTARS=NSTARS-], ha
IFINSTARS3D59959 72

95 CONTIMUE

START TAC
RUNOUT %
JMP 5%
END TAC $
END(

.
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N Jos RUN MAGNCON3
HLT SCRATCH ON 11
REWIND 11
RPL 1+DATALGO
TAPE 11
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ALPHA AND 358 AQF P

11060 103 1040 +24461049
4‘10Q“‘1300‘0048‘0005+0053+1011
b 2.13’-235

WALKER C

79

4904X27°5

a

8 2.uh 2006 2014 2-12 2-17 2015 2023 2121 2023 2.29 2.32 2-35 2-“0
10 000 Oulu 0e0) wel2 LelU3 04C4 0405 0606 007 Ve07 0407 04Nt 0410 0:13

1U 0uc6 Oettd 0059 UeB0 0481 0482 0437
BETA AND 6860.M0 [il
2-Ce62-2.00
3'1.8 —Z.O
6106V +1426 059 Ue01-0.06-1430
5 2006 1451

1e02

8 3030 2068 Zt03 1062 1026 0098 0057 0034 0022 0;03-0'09‘0022‘0339

GAMMA AND
3'008 -1.0
4 136 0e61 0634-0a02~0432-046¢
5 24301040

12533.%X2 111 3

DELTA AND 3627.K3 II1 3
3 0eb Q.7

410.0 0.83 0035‘0l02‘0033“0t68
5 3425 1.20

ALPHA AQL 187642.A7 [V 6
1 o775 #23 407 0425 06

31040 =009

4=e54=0e62-0430-0.01 0431 0.548
S 0e82 0o1V

5 Ve76 0402

’

& 1leul 0488 0478 Ue?3 0469 0465 N6l 0454 0454 0454 0652 0e54 0et5

GAMMA AQL
2-140 =049
410a0  Jol7 0s47-0e01-0s86-0.91
5 264 lebd

186791e K3 11 4

8 4007 3422 2-71 2~23. 1499 175 155 1435 1e24 14066 1402 0492 0e74

ALPHA ARI 12729.K2 I11 5
1 1e9G 1el5 leil~vebl CGall
3"0.6 ~0.'E‘

4 1lea0 Ue04% Je25 UelOU=0e25 “Ga32

8 2085 2439 1e%27 lonT lehl 1loe24 lell 0091 0¢C6 Je75 0066 2454 0440

5 200 1408

ALPHA ALR 340C.%.G8 111 6
1 UsUS 0e8C 0otS~1.78 Q406
2=1ed86~2.00

3=1e7 =242

4 0637 Oults 0e08=0403~0+05-0408
6‘205 0028

8 Vel 038 Ccl0~0al5=0+30~0+47~0e57-Ce7'~0a75-081~0+86-0680~1403

BETA AUR “0183. A 1V 4
1 1e90 04032 0406 1la9410%0L
Q‘Oc!Z‘OoBQ‘OO“O'Uuob 0e4d 0591

7T 1696 1097 1e92 1,94 1491 1489 1490 1787 1490 1439
10 04UQ 501 Doall Us02 0406 0oC7 Dol 0a0B D410 0412 0el3 0el3 0617 0428

10 QGoa&7 QeBlG 1e34 a5l 1lebl 1663 1le76

2400
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>
Appendix lI: Definition of Terms and
- / " -
Reduction of Some Astronomical
Quantities to Absolute Energy Units
The monochromatic flux Fu at the surface of a star is the amount of radiant
‘2 ene. ., passing through a unit area of stellar surface in unit time and per unit fre-
quency interval. The flux then has the dimensions of ergs em™ 2 sec™? cps! or
- watts crn_2 cps_l. The total flux or integrated flux F is then defined
«© . -
F=[g F,dv (1-1)

For the case of a blackbody radiator at a temperature T (°K) the flux Fpp is given
by Stefan's law

il F 4 (- 2)

e T

BB °

where ¢ is the Stefan - Boltzman constant,
The effective temperature Te of a star is defined as the temperature of a black-
body which radiates the same amount of integrated flux as the star, that is
4

. F=UTe {11-3)




A om -

82

The luminosity L of a star is the total amount of energy radiated by the star and
is obtained from integration of the flux over the area of the star, L has the dimen-
siong, ergs per second or watts, For the case of a spherical star of radius R, the
luminosity is given by

4 -

2 _ 2
L=4r R, “F=41R," 0T,

(11-4)
The monochromatic irradiance Hv of a surface by stellar radiation is the flux at
a distance R from the star. For R>> R, Hv is given by
- R * 2 -
H,=F, (ﬁ"') (11-5)
and the integrated or total irradiance is
R x

2
L]
H= [JH, dv =<§—) oF, av (II-6)

Substituting Eq. II-6 intc Eq. 1I-4, one obtains the luminosity in terms of the irrad-
iance

L =4rR? [ H v (-7

The apparent bolometric magmtude mya is just the integrated irradiance ex-
pressed or a magnitude scale, that is

My,

tp ==2.5%g [ H,dv + C (1I-8)

where Cl iz 2 constant establighing the zero point of the magnitude system.

The absolute bolometric magnitude Mb o1 \8 the apparen. bolometric magnitude

of the star at a distance of 10 parsecs from the star (1 pc'= 3,0857 x 108 cm) and
may be found from the relation
Myop = Mo -5 logR+5 (11-9)

where here R is the distance to the star in parsecs. Thus,

-

Mbol

-2.51og [0 H,dv-5logR+5+ o (11-10)
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Direct observation of my o vrith earth-fixed instrumentatinn is not sossible
since a determination of oy requires the measurement of the monochromatic
irradiance at all frequencies, The earth's atmosphere is opague to radiation of all
but a few narrow frequency bands. Oxygen and ozone strongly absorb radiation at
wavelengths shorter than about 3000 3, while water vapor and carbon dioxide obscure
large regions in the infrared region of the spectrum. *

Consider now a magnitude measured in a finite frequency interval and, in particu-
lar, consider the frequency interval and detector response which defines the V mag-
nitude of Johnson and Morgan (see Appendix I) ,

V= -2.5log [ S, Hdv+C, (-1

where S is the normalized resbonse of the system as glven by Johnson and Morgan
(1953) and C is a constant which determines the zero pomt of the system. Letus
now define the bolometric correctxon B. C. by the following relation

B.C. = m -V (11-12)
then by substitution of Eq. II-8 and II-1l into Eq. II-12 and setting C3 = C1 - C? we

have

OrI dv
B.C. = -2.51og | —o—— |+ C4 (II-13)

fOS H dv

Thus, the boiometiric correction is the ratio of the total irradiance to that
measured with the response SV expressed on a magnitude scale.

With the a;d of well-determined data on the sun we may now d.*ermine the
values of the constants Cl’ CE, and C3. The bolometric correction for the sun, B.C.
(@), has been arhitrarily set at -0, 07(see text) . The V magnitude of the sun, V,
h2s been determined by Martynov (1959) from the data of Stebbins and Kron (1957;
to be -2¢. 80 T 0. 03, By substituting these values into Eq. I-12 we obtain tne apparent
bolometric magnitude of the sun m, , (® = -26.87.

For the sun

f: H, dv = solar constant = 0.135 watts/cm2 (11-14)

and by substitution intc Eq. 1I-8 we obtain c1’= -29,04. From Eq. II-9 we may
obtain Mbol {®} =+ 4,70, where the gquantity 5-5 log R = 31.57.




84

3

The constant C2 may be 2valuated from Eq. II-13, that is

Cy= 2.5%g [§S, H dv-2.5]log fg’HV dv - 29.04 - B,C.(Q) (II-15)

expanding f: SV Hu dv about the effective frequency Huo as in Appendix I and
converting the wavelength units by the relation sz ._C.EZ' H (where c is the
velocity of light) one obtains

H
C, = 2.5log TR == + 2.5log [CS. dr - 28.97 (11-16)
2 & [y Hydr AN

From the solar spectrum of Goldberg and Pierce (1959) we obtain H,, = 0.1916
watts cm” 2 microns™* where A, = 0.556 microns, and from graphical integration

ot the response curve given by Johnson and Morgan (1933)" and Johnson (1955) we
obtain

S S, dA = 0.0866 microns. (I1-17)

dha, weinotg

Substitution of these values into Eq. II-16 yields C2 = =31.22 and C3 = 2,18
N Thus, the relations between Eqs. II-8, II-10, II-11, and II-13 become

. ) oo ]
ey myg = -2.5log [ H, dv-29.04

M.

0
ol -2.5log [ H dv-5logR -24.04

o]
Hu dv

B.C. = 2.510g-]J:Qu—?—Y_I‘—d; + 2.18
o v

-] N
v < -2.5%cg fg S, H, dv -3L22
not ey

3.l 33

and in terms of the monochromatic irradiance at A 0 ° 0.556 microns
V= -25log H)\o - 28,59 8 . (11-18)

where H, _ has th-ezunits watts em” 2 microns™, and the integrated quantitins, the
units of watts cm .

Willstrop (1958) obtained a calibration of the V magnitude from comparison of
the monochromatic irradiance at A 5400 A from a large number of stars to that from
a calibrated standard lamp. His measurements :ndicated that for a star of V. = 0.C,

, H, o= 3.8X 102 watts em™2 micron™l. From Eq. 1I-18 we calculate for
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V=20,0, H.\n = 7,72 X107 watts cm-z microns"l, a value 2 percent smaller.
This ditference vefleciy the “ncertainty in the value of VGJ and the solar constant.

Frer a rearrar germent of the above equations, a number of useful relations
way be der ved:

12

log Hy = -0 4V -11.43 (1I-19)
© b
log [, H,dv =-1.62 -0.4 (V+B.C.) (II- 20)
L]
log [ S, H,dv = 0.4V -12.49 (I1-2D)
and for mo1 = 0.0,
'] [/
[o B, v = 2.46 X107 watts cm™? (I1-22)
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No. 1.
No. 2.

No. 3.

~

No. 4.
Neo. 5.

No. 6.

No. 7.

No. 8.

No. 9.

No. 10.
No. 11.
No. 12.

Ne. 13.
No. 14.
No. 15.

NO- 160

No. 17.

No. 19.

No. 20.

AIR FORCE SURVEYS IN GEOPHYSICS

(Classified Title), W. K. Widger, Jr.,, Mar 1952. (SECRET/RESTRICTED DATA Report)

Methods of Weather Presentation for Air Defease QOperations (U), W. K. Widger, Jr., jun 1952.
(CONFIDENTIAL Report)

Some Aspects of Thermal Radiation From the Atomic Bomb (U), R. M. Chapman, Jun 1952.
(SECRET Report)

Final Report on Project 8-52M-1 Tropopause (U), S. Coroniti, Jul 1952. (SECRET Report)

Infrared as a Means of Identification (U), N. Oliver and ]. W. Chamberlain, Jul 1952,
(SECRET Report)

Heights of Atomic Bomb Results Relative to Basic Thermal Effects Produced on the Ground
(U), R. M. Chapman and G. W. Wares, Jul 1952. (SECRET/RESTRICTED DATA Report)

Peak QOver-Pressare at Ground Zero From High Altitude Bursts (U), N. 4. Haskell, Jul 1952.
(SECRET Report)

Preliminary Data From Parachute Pressure Gauges, Operation Snapper. Project 1.1 Shots No.
5 and 8 (U), N. 4. Haskell, Jul 1952. (SECRET/RESTRICTED DATA Report)

Determination of the Horizoatal (U), R. M. Chapmaa and M. H. Seavey, Sep 1952. (SECRET
Report)

Soil Stebilization Report, C. Molineux, Sep 1952.
Geodesy and Gravimetry, Preliminary Report (U), R. J. Ford, Sep 1952. (SECRET Report)

The Application of Weather Modification Techniques to Problems of Special Interest to the
Strategic Air Command (U), C. E. Anderson, Sep 1952. (SECRET Report)

Efficiency of Precipitation as a Scavenger (U), C. E. Anderson, Aug 1952. (SECRET/
RESTRICTED DATA Report)

Forecasting Diffusion in the Lower Layers of the Amosphere (U), B. Davidson, Sep 1952.
(CONFIDENTIAL Reportj ~

Forecasting the Mountain Wave, C. F. Jenkins, Sep 1952.

A Preliminary Estimate of the Effect of Fog and Raia on the Peak Shock Pressure From an
Atomic Bomb (U), H. P. Gauvin and ". H. Healy, Sep 1952. {SECRET/RFSTRICTED DATA
Report)

Operation Tumbler-Snapper Project 1.1A. Thermal Radiation Measurements With a Vacuum
Capacitor Microphone (U), M. G’Day, J. L. Bokn, F. K. Nadig and R. ]. Cowie, Jr.,, Sep
1952. (CONFIDENTIAL/RESTRICTED DATA Report)

. Operation Snapper Project 1.1. The Measurement of Free Air Atomic Blast Pressures (U),

J. O. Vann and N. 4. Haskell, Sep 1952, (SECRET/RESTRICTED DATA Report)

The Construction and Application of Contingency Tables in Weather Forecasting, E. V.
Wahl, R. M. White and H. A. Salmela, Nov.1952.

Peak Overpressure in Air Due to a Deep Underwater Explasior (U), N. 4. Haskell, Nov 1952.
(SECRET Report)

. Slant Visibility, R. Penndorf, B. Goldbarg and D. Lufkin, Dec 1952,

. Geodesy and Gravimetry (U), R. J. Ford, D2c 1952. (SECRET Report)

. Weather Effects on R-adar, D. Atlas e¢ al, Dec 1952, )

. A Survey of Available Information on Winds Above 30,000 Ft.; C. F. Jenkias, Dec 1952,
. A Survey of Available Information on the Wind Fields Betwren the Surface and the Lower

Stratosphere, W. K. Widger, Jr., Dec 1952.
(Classified Title), A. L. Aden and L. Katz, Dec 1952. (SECRET Report)
(Classified Title), N. A. Haskell, Dec 1952 (SECRET Report)

A-Bomb Thermal Radiation Damage Envelopes for Aircraft (U), R. H. Chapman, G. W. Vares
and M. H. Seavey, Dec 1952, (SECRET/RESTRICTED DATA Report)

A Note on Higk Level Turbulence Encountered by a Glider, /. Kuettner, Dec 1952.




AIR FORCE SURVEYS IN GEOPHYSICS (Cosntinued)

No. 30. Results of Controlled-Altitude Balloon Flights at 50,000 to 70,006 Feet During September
¥ 1952, edited by T. O. Haig and R. A. Craig, Feb 1953.

; No. 31, Conference: Weather Effects on Nuclear Detonations (U), edited by B. Grossman, Feb 1953,
' ) (SECRET/RESTRICTED DATA Report)

No. 32. Cperation IVY Project 6.11. Free Air Atomic Blast Pressure and Thermal Measurements
(U), N. A. Haskell and P. R. Gast, Mar 1953. (SECRET /RESTRICTED DATA Report)

No. 33. Variability of Subjective Cloud Observations - I, 4. M. Galligan, Mar 1953.

No. 34. Feasibility of Deteeting Atmospheric Inversions by Electromagnetic Probing, 4. L. Aden,
Mar 1953,

No. 35. Flight Asg=cts of the Mountain Wave, C. F. Jenkins and J. Kuettner, Apr 1953

No. 36. Report on Particle Precipitation Measuremen’s Pcrformed During the Buster Tests at Nevada
(U), A. ]. Parzaile, Apr 1953. (SECRET/RESTRICTED DATA Report)

Tt No..37. Critical Envelope Study for the XB-63, B-52A, and F-89 (U), N. 4. Haskell, R. M. Chapman
v e and Y. H. Seavey, Apr 1953. (SECRET Report)

No. 38. Notes on the Prediction of Overpressures From Very Large Thermo-Nuclear Bombs (U), N. 4.
Haskell, Apr 1953, (SECRET Report)

No. 39. Atmospheric Attenuation of Infrared Oxygen Afterglow Ewission (U), N. J. Oliverand ]. W.
Chamberlain, Apr 1922, {SECRET Report)

No. 40. (Classified Title), R. E. Hanson, May 1953, (SECRET Report)
No. 41. The Silent Area Forecasting Problem (U), W. K. Widger, Ir., May 1953. (SECRET Report)

o No. 42. An Analysis of the Coutrail Problem (U), R. 4. Craig, Jun 1953. (CONFIDENTIAL Report)
No. 43. Sodium in the Upper Atmosphere, L. E. Miller, Jun 1953.
re o No. 44. Silver Jodide Diffusion Experiments Conducted at Camp Wellfleet, Mass., During July-August
RIS 1952, P. Goldberg et al, Jun 1953.
. No. 45. The Vertical Distribution of Water Vapor in the Stratosphere and the Upper Atmosphere, L. E.
7 e Miller, Sep 1953.

No. 46. Operation IVY Project 6,11, (Final Report), Free Air Atomic Blast Pressure and Thennal
Measurements (U), N. A. Haskell, J. O. Vann and P. R. Gast, Sep 1953 (SECRET/RE-
STRICTED DATA Report)

No. 47, Critical Envelope Study for the B61-A (U), N. A. Haskell, R. M. Chapman and M. H. Seavey,
Sep 1953. (SEC%ET Report)

L. No. 48. Operation Upshot-Knothole Project 1.3. Free Air Atomic Blast Pressure Measurements. Re-
FOE Y :’r)ized Report (U), N. A. Haskell and R. M. Brubaker, Nov 1953. (SECRET/RESTRICTED
AT4 Report)
. No. 49, Maximum Humidity in Engineering Design, N, Sissenwine, Oct 1953. :
No. 50. Erobable Ice Island Locations in the Arctic Basin, January 1954, 4. P. Crary and I. Browne,
ay 1954,

No. 5]. Investigation of TRAC for Active Air Defense Purposes (U), G. W. Wares, R, Penndorf, V. G.
Plank and B. H. Grossman, Dec 1953. (SECRET/RESTI:{ICTED DATA Report)

No. 52. Radic Noise Emissions During Thermonuclear Reactions (U), T. J. Keneshea, Jun 1954.
(CONFIDENTIAL Report)

No. 53. A Method of Correcting Tabulated Rawinsonde Wind Speeds for Cnrvature ot the Earth, R.
» Leviton, Jun 195¢.

No. 54. A Proposed Radar Storm Warning Servicr or ;\rmy Combat Operations, M. G. H. Ligda, Aug
1954,

55. A Compaiison of Altitude Corrections for Blast Oveipressuce (U), N. A. Haskell, Sep 1954.
(SECRET Report)

No. 56. Attencating Effects cf Atmosphe.i: Liquid Water on Pea,k Overpressures from Blast Waves (U),
H. P. Ganvin. I. H. Healv and M. A. Bennett. Oct 1954. (SECRET Report)
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AIR FORCE SURVEYS IN GEQPHYSICS {Continued)

. Windspeed Profile, Windshear, and Gusts for Design of Guidance Systems for Vertical Rising

Air Vehicles, N. Sissenwine, Nov 1954,

. The Suppression of Aircraft Exhaust Trails, C. £. Anderson, Nov 1954,

Preliminary Report on the Attenuation of Thermal Radiation From Atomic or Thermonuclear
Weapons (U), R. # Chapman and Y. H. Seavey,Nov 1954. (SECRET/RESTRICTED DATA Re-
port)

Height Errors in a Rawin System, R. Leviton, Dec 1954.

Meteorological Aspects of Constant Level Balloon Operations-(U), W. K. Widger, Jr. et al, Dec
1954. (SECRET Report)

Variations in Geometric Height of 30 to 60 Thousand Foot Pressure-Altitudes (U), N.
Sissenwine, A. E. Cole and %V Baginsky, Dec 1954. (CONFIDENTIAL Report)

Review of Time and Space Wind Fluctuations Applicable to Conveational Ballistic Deter-
minations, ¥. Baginsky, N. Sissenwine, B. Davidson and H. Lettau, Dec 1954

Cloudiness Above 20,000 Feet for Certain Stellar Nevigation Problems (U), 4. £. Cole, Jan
1955, (SECRET Report)

}'he Feassibility of the Identification of Hail and Severe Storms, D. 4tlas and R. Donaldson,
an 1955, bt

Rate o: Rainfall Frequencies Over Selected Air Routes and Destinations (U), 4. E. Cole and
N. Sissenwine, Mar 1955, (SECRET Report)

Some Conaiderations on the Modeling of Cratering Phenomena in Earth(U/), N. A. Haskell, Apr
1955. (SECRET/RESTRICTED DATA Report)

The Preparation of Extended Forecasts of the Pressure Height Distribution in the Free Atmos-
phere Over North America by Use of Empirical Influence Functions, R, M. White, May 1955.

Cold Weather Effect on B-62 Launching Personnel (U), N. Sissenwine, Jun 1955. (SECRET Re-
port)

Atmospheric Pressure Pulse Measurements, Operation Castle (U), E. A, Flauraud, Aug 1935.
{SECRET/RESTRICTED DATA Report)

Refraction of Shock Waves in the Atmosphere (U}, N. 4. Haskell, Adug 1955 (SECRET Repors)
Wind Variability as a Function of Time at Muroc, California, B. Singer, Sep 1955.
The Atmosphere, N. C. Gerson, Sep 1955.

Areal Variation of Ceiling Height (U), W. Baginsky and A. E. Cole, Oct 1955. (CONFIDENTIAL
Report/

. An Objective System for Preparing Operational Weather Forecasts, I. A. Lund and E. W, W2hl,

Nov 1955,

The Practical Aspects of Tropical Meteorology, C. E. Palmer, C. V. Wise, L. ], Stempson and
G. H. Duncan, Sep 1955.

Remote Determination of Soil Trafficability by Aerial Penetremeter, C. Molineux, Oct 1955.
Effects of the Primary Cosmic Radiation on Matter, H. O. Curtis, Jan 1956.

Tropespaeric Variations of Refractive Index at Microwave Frequencies, C. F. Campen and 4. E.
Cole, Oct 1955, ’

A Program to Test Skill in Terminal Forecasting, I. I. Gringorten, I. A. Lund and M. A. Miller,
Jun 1955,

Extreme Atmospheres and Ballistic Densities, N. Sissenwine and 4. E. Cole, Jul 1955.

Rotational Frequencies and Absorptiun Coefficients of Atmospheric Gases, S. N. Ghosh and
H. D. Edwards, Mar 1956.

Ionospheric Effects on Positioning of Vehicles at High Altitedes, W. Pfister and T. J.
Keneshea, Mar 1956,

Pre-Trough Winter Precipitation Forecasting, P. ¥. Funke, Feb 1957,
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AIR FORCE SURVEYS IN GEOPHYSICS {Continu>d)

Geomagnetic Field Extrapolation Techniques — An Evaluation of the Poisson Integral for a

Plane (U), J. F. McClay and P, Fougere, Feb 1957. (SECRET Report)
The ARDC Model Atmosphere, 1956, R. A. Minzner and W. S. Ripley, Dec 1956.

An Estimate of the Mlaximum Range of Detectability of Seismic Sigaals, N. 4. Haskell, Mar
1957,

Some Concepts for Predicting Nuclear Crater Size /U), F. 4. Crowley, Feb 1957. (SECRET/
RESTRICTED DATA Report)

Upper Wind Representation and Flight Planning, 1. I. Gringorten, Mar 1957,

Reflection of Point Source Radiation From a Lambert Plane Onto a Flane Receiver, 4. W.
Guess, Jul 1957,

The Variations of Atmospheric Transmissivity and Cloud Height at Newark, 7. 0. Haig, and
W. C. Morton, lll, Jan 1958.

. Collection of Aeromagnetic Information For Guidance and Navigation (U), R. Hutchinson, B.

Shuman, R, Brereton and J. McClay, Aug 1957. (SECRET Report)

The Accuracy of Wind Determination From the Track of a [Falling Object, V. Lally and R.
Leviton, Yar 1958.

Estimating Soil Moisture and Tractionabilitv Conditions for Strategic Plaaning (U), Part 1 -
Gensral method, and Part 2 - Applications and interprevations, C. W. Thorathwaite, J. R.
Mathe., D. B. Carter and C. E. Molineux, Mar 1958 (Unclassified Report). Part 3 - Average

soil moisture and tractionability conditions in Poland (U), D. B. Carter ani C. E. Molineux, Aug
1958 (CONFIDENTIAL Report). Part 4 - Average soil moisture and tractionability conditions
in Yugoslavia (U), D. B. Carter and C. E. Molineux, Mar-1959 (CONFIDENTIAL Report)

Wind Speeds at 50,000 to 100,000 Feet and a Related Balloon Platform Design Pioblem (U), N.
Dvaskia and N. Sissenwine, Jul 1957. (SECRET Report)

De-elopment of Missile Design Wind Profiles for Patrick AFB, N. Sissenwine, Mar 1958.
Cioud Base Detection by Airborne Radar, R. J. Donaldson, Ir., Mar 1958.
Mean Free Air Gravity Anomalies, Geoid Contour Curves, and the Average Defiections of the

Vertical (U), W. A. Heiskanen, U. A. Uotila cnd O. W. Williams, Mar 1958. (CONFIDENTIAL Re-
port)

Evaluation of AN/GMD-2 Wind Shear Data for Deciopment of Missile Design Criteria, N.
Dvoskin and N. Sissenwine, Apr 1958.

A Phenomenological Theory of the Scaling of Fireball Minimum Radiant Intensity with Yield and
Altitude (U), H. K. Sen, Apr 1958. (SECRET Report)

Evaluation of Satellite Observing Network for Project ‘‘Space Track”, G. R. Miczaika and H. O.
Zurtis, Jun 1958.

An Operationul System to Measure, Compute, and Present Ap,~oach Visibility Information, T. O.

Haig and W. C. Morton, IIl, Jun 1958.
Hazards of Lightning Discharge to Aircraft, G. 4. Faucher and H. O. Curtis, Aug 1958.

Contrail Predi-tion and Preventien (U), C. S. Downie, C. E. Anderson, S. ], Birstein and B. A.
Silverman, Aug 1958. (SECRET Report)

Methods of Artificial Fog Dispersal and Their Evaluation, C. E. Junge, Sep 1958.

Themmal Techniques for Dissijating Fog From Aircraft Runways, C. S. Dewnie and R. B. Smith,
Sep 1958.

Accuracy of RDF Position Fixes in Tracking Constant-Level Balloons, K. C. Giles and R. E.
Peterson, edited by W. K. Widger. Ir. Oct 1958,

The Effect of Wind Errors on SAGE-Guided Intercepis (U), E. M. Darling, Jr. and C. D. Kemn,
Oct 1958 (CONFIDENTIAL Report)

Behavior of Atmospheric Nensity Frofiles, N. Sissenwine, ¥. S. Ripley and A. E. Cole, Dec 1958.
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No.121.
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- No.124.
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No.127.

No.128.
No.129.
No.130.

No.131.
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No.133.

AIR FORCE SURVEYS IN GEOPHYSICS (Centinued)
Magnetic Detemination of Space Vehicle Attitude (U), J. F. McCluy and P. F. Fougere, Mar
1959. (SECRET Report)

Final Report on Exhaust Trail Physics: Project 7630, Task 76308 (U), M. H. McKenna, and
H. O. Curtis, Jul 1959. (SECRET Repsrt)

Accuracy of Mean Monthly Geostrophic Wind Vectors as & Function of Station Network Den-
sity, H. A. Salmela, Jun 1959.

Ar Estimate of the Strength of the Acoustic Signal Generated hy an ICBM Nose Cone Reentry
(U), N. A. Haskell, Aug 19 59, (CONFIDENTIAL Report)

The Role of Radiation in Shock Propagation with Applications to Altitude and Yield Sculing of
Nuclear Fireballs (U), H. K. Sen ond A. W, Guess, Sep 1959, (SECRET/KESIRICTED 1'ATA Report)

ARDC Model Atmosphere, 1959, R. 4. Minzner, K. S. W. Champion and H. L. Po::A, Aug 1959.

Refinements in Utilization of Contour Charts for Climatically Specified Wina Profiles, A. E.
Cole, Oct 1959,

Design Wind Profiles From Japanese Relay Sounding Data, N. Sissenwine, M. T. Muikern,
and H. A. Salmela, Dec 1959

Military Applications of Supercocied Cloud and Fog Dissipation, C. 5. Downie, and B. 4.
Silverman, Dec 1959.

Factor Analysis and Stepwise Regression Applied to the 24--Hour Preyiction of 500-mb Winds,
Temperatures, and Heights Over a Silent Area (U), £. J. Aubert, I. A. Lund, A, Thomas:ll, Ir.,
and J. J. Pazniokas, Feb 1960. (CONFIDENTIAL Report)

An Estimate of Precipitable Water Along High-Altitude Ray Paths, Murray Gutnick, Mar 1960.

Analyzing and Forecasting Meteorological Conditivns in the Upper Troposphere and Lower
Stratosphere, R. M, Eadlich and G. S. McLean, Apr 19.C.

Analysis and Prediction of the 500-mb Surface in a Silent Arca, (U), E. A. Aubert, Hay 1960.
(CONFIDENTIAL Report),

A Diffusion-Depositicn Model for In-Flight Release of Fission Fragments, M. L. Barad,
D. A. Haugen, and /. J. Fuquay, Jun 1960.

Research and Development in the Field of Geodetic Science, C. E. Ewing, Aug 1960,
Extreme Value Statistics — A Method of Application, I, I. Gringorten, Jun 1960.
Notes on the Meteorology of the Tropical Pacific and Southeast Asia, W. D. Mount, Jun 1960.

Investigations of Ice-Free Sites for Aircraft Landings in East Greenland, 1959, J.H. Hartshom,
G. E. Stoertz, . N. Kener, and S. N, Davis, Sep 1961,

Guide for Compntation nt ilorizontai Geodetic Surveys, H. R. Kahier and N. A. Roy, Dec 1960.

An Investigation of a Perennially Frozen Lake, D. F. Bames, Dce 1960.

Analytic Specification of Magnetic Fields, P. #. Fougere, Dec 196(. (CONFIDENTIAL Report)
An Investigatior of Symbol Coding for Weathes Data Transmiusion, P. I Hershberg, Lec 1960,

Evalaatlign of an Arctic Ice-Free Land Site and Hesults of C-130 Aircraft Test Landing
Polaris Promontory, No. Greenland, 1958-1959, S. Neediaman, [:. Klick, C. E. Mo’met'x, Mar 1961.

Effectiveness of the SAGE System in Relation to Wind ¥ orc ~ast Capability (U),
E. M. Darling, Jv., and Capt, C. D. Kern, May 1961. (CONFIDENTIAL Report)
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AIR FORCE SURVEYS IN GEOPHYSICS (Continued)

Area-Dosage Relationships and Time of Tracer Arrival in the Green Glow Program,
W. P. Elliott, R. ]. Engelmann, P. W. Nickola, May 1961.

Evaluation of Arctic Ice-Free Land Sites ~ Kronprins Christian Land and Peary
Land, North Greenland, 1960, ¥. E. Davies und D. B. Krinsley, May 1961.

Missile Borne Radiometer Measurements of the Thermal Emission Characteristics of

ICBM Plumes (U), R. E. Hunter and L. P. Marcotte, Jul 1961. (SECRET Report)

Infrared Studies of ICBM Plumes Tising Missile - Borne Spectrometers (U), R. E. Hunter
aad L. P. Marcotte, Sep 1961. (SECRET Report). .

Arctic Terrain Investigations Centrum Lake, N E Greenland, 1960, S. M. Necdleman
Jul 1962.

Space and Planetary Eavironments, S. 1. Vailey, Editor, Jan 1962

Proceedings of National Symposium on Winds for Aerospace Vehicle Design,
N. Sissenwine and H. G. Kasten, Co-Chairmen, Mar 1962.

Atlas of Mouthly Mean Stratosphere Charts, 1955-1959, Vol. I, Jenuary to June,
H. S. Muenck May 1662.

Infrarea Atmospheric Transmigsions: Some Papers on theSolar Spectrum f-om 3 to 15
Microns, /. N. Howard and j. 3. Garing, Dec 1961.

AFCRL Ballistic Missile infrared Measurements, IRMP 59/60, T. P. Condren,
J. J. Lovett and R. L. Morgan, June 1962.

Effective Transmissioa of Thermal Radiation frcm Nuclear Detonations in Real Atmos-
pheres, /. P. Cahill, H. P. Gauvin and [. C. Johnson, June 1962.

Summezy Report - Froject "CEWAY, W. D. Kingery, Editor, May 1962.

Silent Area Wind for USAF Manned Bombers (U), Z. M. Darling, Jr., Jul 1962 (SECRET
Report).

Meaa Anonual Mid-Latitude Moisture Pr.files to 31 Km, M. Gutnick, Jul 1962,

Spectral and Spatial Measurements of Infrared Radiation (U), L. C. Block, L. P. Marcotte
and C. C. Ferriso, May 1962 (SECRET Report).

Infrared Celestial Backgrounds, R. G. Walker, Jul 1962.

Treasmission of the Atmosphere in the Infrared, A Review, J. N. Howard and J. 5. Garing,
Jul 1962,

Density Distribution, Iuterleve! Correlations and Variations with Wind, 4. E. Cole and
A. Court, Jul 1962,

The Develog)ment of an Operational Contrail Suppression System (U), Seymour J. Birstein,
Ang 1962 (CONFIDENTIAL Report).

Air Force Interim Supplemental Atmospher s 0 %0 I\llometmc Aller E. Cole
and Arthur I. Kaator, Dec. 1963.

Proceedings of ike AFCRL Scientific Balloeu Symposivm, Dec. 1963,

No. 155(I) Celestial Backi round Radiation. Vol.1, A Revised Scale of Bolometric Corrections,

Russell G, Walker, March 1964,




