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Abstract

This computer subroutine computes the visual, blue and ultraviolet photometric
magnitudes of the planets, their natural satellites, and the sun at varying observa-
tion distances and phase angles. Currently available observational magnitude and
phase function data are stored in the program and used in the computation.
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UBV: Subroutine to Compute Photometric Magnitudes of the
Planets and Their Satellites

1. Introduction

Design and performance evaluation of optical sensors
and instruments for planetary missions requires the
knowledge of planet and moon brightness. A computer
subroutine has been written to calculate the Johnson and
Morgan (Ref. 1) visual (V), blue (B), and ultraviolet (U)
photometric magnitudes of the planets, all their known
natural satellites, and the sun.

li. Computation of Visual Magnitude

The visual magnitude of a planet or satellite is given
by:

1

V = V(1,0) + 5 log s, — 2.5 log @, (¢) L
where V(1, 0) is the visual magnitude at one astronomical

unit (1 AU = 149, 597, 893 km) from the sun and ob-
server and 0 deg phase angle, 7, is the sun-body distance
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in AU, r, is the observer-body distance in AU, and &, is
the visual phase function dependent on the phase angle ¢
where 0 < ¢ < 180 deg. The phase angle is the sun-
body-observer angle. All logs are to the base 10. Figure 1
illustrates the observational geometry.

For the sun the visual magnitude is given by:
V=V, +5logr, @)

where V(1,0) is replaced by V, the visual magnitude of
the sun at one AU and r, is the sun-observer distance
in AU.

The above equations are valid only for large planet-
observer distances, typically greater than twenty planet
radii. For distances closer than this, the phase angle
varies over the surface of the planet and an integration
technique is required.



PLANET OR
SATELLITE

OBSERVER
[0}

Fig. 1. Observational geometry

lil. Stored Data

Data stored in the program are listed in Tables 1 and 2.
The data were obtained from various references and
these are indicated by the numbers in parentheses in
Table 1 and in the column headings of Table 2.

Table 1 lists the object, its body number as assigned
in the program, V(1,0), the B-V and U-B color indexes,
and @, the visual phase function assumed as identified
by Table 2. The values for V(1,0) are average values
since actual magnitude can vary with the variation in
the sun’s magnitude or with changing features due to
planet or moon rotation, seasonal variations, atmospheric
conditions, or other surface changes. This variation can
be as large as two magnitudes as is the case with Iapetus
(Ref. 2). The value for Saturn is for “no-rings” as the
actual magnitude varies with the changing aspect of
the rings. An empirical formula (Ref. 2) for the change
in magnitude due to the rings is

AV = —260sin B + 1.25sin2 B (0° < B < 27°)  (3)
where B is the saturnicentric latitude of the observer.

Additional variations in the values for V(1,0) are pos-
sible due to observational uncertainties. Since not all the
planets can be observed at exactly 0 deg phase angle,
some uncertainty is possible when extrapolating to 0 deg.
Some of the dimmer moons have only been observed
photographically, and errors may be introduced when
converting to photometric magnitudes.

Note that constant values of the color indexes B-V and
U-B are stored in the program and that no computation

is done. Although the indexes do vary with phase, there
are only limited data available, and thus it is not mod-
eled in the program at this time. Where no color infor-
mation was available, a reasonable value has been stored
in the program. These assumed values are noted by
parentheses in Table 1. Uncertainties in the color indexes
are due to the same factors that affect V(1, 0).

Table 2 indicates how the visual magnitude varies
with phase angle. The quantity —2.5 log &, (¢) is also
given by Am, and it is this quantity that is stored in the
program. The phase function data have been determined
empirically from observational data or from theoretical
considerations. For planets and moons outside the earth’s
orbit, observations can only be made over a limited
range in phase angle. Mars can only be observed from
the earth up to about 48 deg phase angle, and the value
of Am must be extrapolated as indicated by the paren-
theses in Table 2. Since the phase angle of the outer
planets and their moons never exceed more than a few
degrees as seen from the earth, a theoretical phase func-
tion must be assumed. The same phase function has been
assumed (Ref. 2) for the larger planets with optically
thick atmospheres; Jupiter, Saturn, Uranus and Neptune.
Since the size of Pluto is closer to the size of Mars, the
Mars phase function has been assumed for Pluto. Since
the phase function of the earth’s moon is the only one
that has been accurately observed over all phase angles,
it has been assumed as the phase function for all the
moons at this time.

Extrapolated values of Am at 180 deg phase, in Table 2,
are given to allow interpolation in the program. The
actual magnitude of a planet or moon at 180 deg phase
would be a function of the observer-body distance, the
sun-body distance, the planet or moon radius and the
atmospheric properties of the planet or moon. These
factors would determine if a halo were visible or not.
Thus, care should be used when interpreting the pro-
gram output when the phase angle is within a few de-
grees of 180 deg.

As a matter of interest Am is plotted for all the planets
and moons in Fig, 2.

IV. Program Usage and Logic

The subroutine is coded in Fortran V for use on
the JPL Scientific Computing Facility Univac 1108
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Table 1. Planet and satellite body numbers and
phetomeiry data

Table 1 (conid)

Visval Color indexes
Object Body magnitude &,
number | v(1,0 BV | usB

0. Sun 0.00 —26.74 (6)> 0.63 0.14 (2) | N/A
1. Mercury —1.00 - 0.42 (3) 0.97 (0.4) (3) 1
2. Venus —2.00 — 4.41(3) 0.82 0.50 (2) 2
3. Earth —3.00 — 3.87(2) 0.2 0.0) 4 3
I. Moon -3.01 + 0.21(2) 0.92 0.46 (2) [
4, Mars ~4.00 - 173 (5) 1.33 0.63 (3) 4
1. Phobos —4,01 +12.1 (2) 0.6 0.3) (2) []
11. Deimos —4.02 +13.3 (2) 0.6 0.3) (2) 6
5. Jupiter —5.00 - 9.25(2) 0.83 0.48 (2) 5
‘ I lo —5.01 - 1.90 (2) 117 1.30 (2) -]
I1. Europa —5.02 — 1.53(2) 0.87 0.52 (2) 6
Ill. Ganymede -5.03 - 2.16(2) 0.83 0.50 (2) -]
IV. Callisto —5.04 = 1.20(2) 0.86 0.55 (2) 6
V. Almalthea —5.05 + 63 (2) (0.8) 0.4) 6
VL Hestia =506 | + 70 (2 | (08) (0.4 6
VIl Hera —5.07 + 9.3 (2) (0.8) (0.4) 6
VIil. Poseidon —5.08 +12.1 (2) 0.8) 0.4) 6
iX. Hades —5.09 +11.6 (2) (0.8) (0.4) (]
X. Demeter —=5.10 +11.9 -(2) (0.8) (0.4) 6
XL. Pan —51 +114 (2) (0.8) 0.4) 6
Xil. Andrastea —5.12 +12.1 (2) (0.8) 0.4) [}
6. Saturn —6.00 - 8.88 (2) 1.04 0.58 (2) 5
l. Mimas —6.01 + 26 (2) 0.6) (0.3) 6
11. Enceladus —6.02 + 2.22(2) 0.62 0.3) @ 6
111, Tethys -6,03 + 0.72(2) 0.73 0.34 (2) 3
1V. Dione —6.04 + 0.89(2) 0.71 0.30 (2) 6
V. Rhea —6.05 + 0.21(2) 0.76 0.35 (2) 6
VL. Titan —6.06 - 1.16(2) 1.30 0.75 (2) 6
Vil. Hyperion -6.07 + 4.61(2) 0.69 0.42 (2) 3
VIli. lapetus ~-6.08 + 1.48(2) 0.71 0.28 (2) [
IX. Phoebe —6.09 + 4.45(4) 0.8) (0.4) 6
X. Janus -6.10 + 4.45(7) (0.8) (0.4) 6
7. Uranus ~700 | —719@ | o056 | 0282 | 5
1. Ariel -700 | +17 @ | ©8 | @©4 6
Il. Umbriel ~7.02 + 26 (2) (0.8) 0.4) 6

Visual Color indexes

Object Body gnitude &
number v(1,0) B-V u-8 ’
1IL. Titania -7.03 | + 1.30(2 0.62 025 (2 | 6

IV. Oberon —7.04 | + 1492 0.65 0.24 (2)
V. Miranda -705 | +38 2 | 0.8 (0.4) 6
8. Neptune —8.00 | — 687(2 0.41 021 2 | 5
1. Triton —801 | — 1.16(2) 0.77 040 (2) | 6
[l Nereid —8.02 | + 40 (2 | (0.8 (0.4) 6
9. Pluto —9.00 | — 1.01(2) 0.80 027 (2) | 4

Table 2. Values for Am =

—2.5 log @, (¢)

Phase Phase functions?
“::::' 1 2 3 4 5 6
(Ref. 3) (Ref.3) | (Ref.3) | (Ref.5) | (Ref.2) (Ref. 3)
0 0.000 0.000 0.000 0.000 0.000 0.000
10 355 139 133 340 (.016) .280
20 667 291 271 510 (.056) 564
30 950 451 420 659 (.127) 845
40 1.210 630 ;580 .811 (.215) 1.131
50 1.471 820 759 (1.000) (.327) 1.406
60 1.726 1.031 952 (1.200) (.468) 1.690
70 2.010 1.251 1.165 (1.410) (.649) 2.003
80 2.320 1.479 1.406 (1.639) (.843) 2,348
90 2.666 1721 1.674 1.911) (1.079) 2.742
100 3.069 1.970 1.970 (2.224) (1.344) 3.110
110 3.511 2.224 2.302 (2.556) (1.644) 3.522
120 4.086 2.478 2.664 (2.903) (1.990) 3.984
130 4,724 2,770 3.073 (3.297) (2.45) 4,524
140 5.458 3.055 3.495 (3.760) (3.019) 5.114
150 6.307 3.391 4,005 (4.260) (3.820) 5.891
160 (7.275) 3.720 4.560 (4.770) (4.802) (7.160)
170 (8.391) 4.120 5.114 (5.30) (6.06) (8.807)
180 (10.500) 4.490 (6.000) (6.200) (8.500) | (12.000)

aThe numbers in parentheses indicate the various references from
which the data were obtained.

aThe column-head numbers refer to the planets and their moons, as

follows:
1 Mercury 4 Mars and Pluto
2 Venus 5 Jupiter, Saturn, Uranus, and Neptune
3 Earth 6 Moons
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Computer. The subroutine is called by: CALL UBV
(BN, PHA, RS, RO, V, BV, UB) where the input is:
BN = body number as given in Table 1

PHA = ¢ phase angle of body in degrees, where
0< ¢ < 180 deg

RS = 7, sun-body distance in AU
RO = r, observer-body distance in AU

and the output is:

V = the visual magnitude as given by equation 1
or2
BV = B-V color index

UB = U-B color index.

The subroutine first checks the body number to see
if it is acceptable. When an incorrect body number is
input, the message “ILLEGAL BODY NUMBER” is
printed, and the following values are output:

V=990
BV =00
UB = 0.0

When a correct body number is input, the program
extracts the correct values of V(1,0), B-V and U-B as
shown in Table 1. V is computed using equations 1 or 2.
The function Am is determined by linear interpolation
between the values given in Table 2.

12
(1) MERCURY
(@ venus 0
ORING N
"I (@ MARS AND PLUTO
(5) JUPITER, SATURN, URANUS, AND NEPTUNE
(® MmoONs
=
=
&
(=
3
6
o~
1
]
£
q
4
3
/ 2
3 /// 7
0
0 0 120 180

PHASE ANGLE, deg

Fig. 2. Variation of magnitude with phase angle for the
planets and their moons
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Appendix

Subroutine UBV Flow Diagram and Listing
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[ SUBRGUTINE UBVIEN,PHA,R5,RB.V,BV,UB) |

[C VERSION BF 11/12/70 |
[CIMENSIGN NBI4Z2),RI3,42)1,PHI[B.,19),NP[42]) |
v
[c BL1,J1'5 ARE v(1.01°'S |
v
DHTH {H{l; ]xu-—- 142)/"251749 u42)_4t41|"‘3n87; 211"1'73!12 1 13n3,-
-g.75,-1.80,-1.5%,-2.16,-1.20,6.30,7.00,9.30,12.1,11.6,11.G,11 .4,
12.1,-8.88,2.80,2.22,.72,:89, .21,-1.165,4.51,1.48,4.45,4.45,-7.19.
1.70,2.50,1.36,1.458,3.80,-6.87,-1.165,4.00,~1.01/

(c R(2,.)'5 RARE B-V'S

DATA (AL2,J),J=1,42)/.63,.97..82,.20..692,1.33,.80,.60,.83,1.17,
.87,.83, .86..8 B,‘BD .80, .80, .80, .80, .80, .80,1.04, .50, B2, .73, .71,
‘75.1.3D.=89"71,‘BD.:BB,.SS,.SG,:BD,\BZ,‘85,-80,.41..77,‘80,.80/

[t R{3,J}'S BRE U-B'S |

DRTA [RA{3,4).,d=1,42)/.14,.40,.560,.00,..46,.63,.30,.30,.48,1.30,.82,
.50,.85,.40, .40,.40,.40,.40, .40, .40, .40, .58,.3D0,.30,.34,.30, .35,
l\75lx4‘2!928!&4‘05‘401‘25!~'4'DFl4‘D$‘25!‘241‘4‘014211~4‘D)*4D‘l27/

B NP 'S PRE MBDEL NUMBERS |
v
(GATA ENPLI),J=1,42)70,1/2,3/6, 4,68 /5,5:5,6/5/6/6.5/5/5/6:6.6.5:5.
5,5,6,6,5,6,5,6,5,515,5,6,6,5,5,6.5,4/
v
[c NE'G DBRRESPOND T0 PLANET NUMBERS |

0RTR NB/O,-100,-20D0,-300,-301,-400,-401,-402,-500,-501,-5402,-603,
-604,-508%,-606,.-507,-508,-509,-510,-511,-612,-600,-601,-502,-603,
-604,-605,-606,-607,-508,-60%,-610,-700,-701,~-702,-703,-704,-705,
-BDD H "501 1‘802 O*SDD/

[C PHI'S BRE -2 .5x%LBG10C(PHI) 'S |
v
BATA (PHI{1,4).,J=1,19)/0.,.355,.867..95,1.21,1.471,1.725,2.01,2.32
,2.666,3.069,3.511,4.086,4.724,5.458,6.307,7.275,8.391,10.5/

v

DATA (PHIL2,J3,d=1,181/0.,.129,.291,.451,.83,.82.1.
,1.72],1.97.L.224,¢.47B.2‘77,3-055;3-391;3‘72;4.124

v

DRTA (PHI(3,J}

o 9)/0.,.133,.271, .42, .58, .759, .9562,1.165,1 .406,
1.574,1.97.2.302

1.1
2.B864,3.073,3.495,4.005.4.56,5.114,6./

v

DH:H [PHIC4,J},J=1,19}/0.,.34,.51,.665, 811 1. ,1
1,2.224, Z 586, 2. 903 3.287.,3.760,4.26,4.77,5.3,85.

2,1.41,1.839,1.91

o
L
E.2/

CONT. BN PG 2
PG 1 OF
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l

ORTA (PHICE,J),d=1.19)/0.,.015..056,
1.079.1.344,1.544,1.99,2.45,3.019,3.82,4.802,5.06,8.5/

:127..216,.327, .468,.549,.843,

b

ORTA (PHI{G,J1,d
2.348,2.742,3.11

/0.;.28,.564,.845,1

19) 131,1.406,1.69,2.003,
522,3.984.,4.524,5.114,5.891,7.160,8.807,12.0/

| NBN={BN*100.J-0.1 |

T {DB 101 1=1.42 >

IFENBLT ) NENBNJ

IFL1.ER.42])

110
B¥=R{2,K]
\/

UB=R{3,K]
NPFN=NP[ K}

v

CGNT. ON PG

3

PG 2 OF 4
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IFCNPFN.EQ.O)

TPHA=FPHA/10

NPHHA=TPHA
DIFF=TPHA-NFPHRA
I=NPHR+1

YAL=OIFF*{PHIINPFN,I+1]-PHIINPFN,I1JI+PHIENPFN,I)

[ 58 TP 220

<t

217 l

[ V=A11,1)+5 . xALBB10IRO]

AV
: B (4]
GO T8 230 g

<

220 L

[V=Ar1,X) +5.xALOGI0IRS*RO)+vVAL |
\/

ERCRET
1]
E;} RO

PRINT 241

241
| FORMAT{ZOHOILLESAL BOOY NUMBER) |

Bv=0.
UB=0.
¥=89.

CONT. ON PG 4

PE 3 _OF
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10

Y,
CONTINUE
Y,
RETURN

END

PG 4 FINRL
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SUBROUTINE UBV{3NsPHA2RSsROsVeBV.UB)

C YERSION QF 11/412/41C
DIMENSION NB(U2)9A(3,U42}P4I1{6s133sNPL{U2)
€ AllsJ)®S ARE V(1:0)°S

212415-8.8852460922225272008%0020o-101624.6001oU8s 4oal504,450~7,1%5
3}, 7Cs2.6051e2Cslo9s3,BC0-EoB70=1,1604,GCo-1,007
c A{2:J)°S ARE B-Vy?'S

C AL3,J)7S ARE U~-B°*S
. DATA (At3s.ubed=)lel42) /e lloatiCs 500 000 860263+, 3000300,8B80f,3C0052
) 105092550800 807 800805800409 8Cs 402589 ,309:300-342.309.35s
_________ 2e15208290280 o800 ol0e o2Bp o1 lp alCr o250 2080800218800, 480,21/ R I
c NP*S ARE MODEL NUMBERS

#*6969EsBs 69659695983 5s096¢6s69695:69094/
£ __NB*S CCRRESPCND IC PLANEY NUMBERS
DATA NB/Cs—100+-200v~300e~301s-40Cos~401e~402+:-5L00¢-5019-5025~-503»

C PHI?*S ARE -2.5*LOGIC{PHII"S

e EATE (PHECRod¥ed=kel80 /00 edE0s 0620 a88eloclol 87k0).026e2.0002,.32
#32.6660 3406903455110 4.08694,72%95,458+6,30797.275+8.381010.5/
_EATA (PHIC2eJ)sJd=1s132/0000.53%0029 s 4500ab3neB82ef C30}@50ekab28

$31.72091.9792.22802,47822.7793.05593.38193.7208.%20U4.89/
CATA (FPHI(3sJloJ=1slB8)/0s9003300273004200585675%9095258,06502 4060

2], B67U¢1.9792.30292.66403.07353.495s4.00594.5895.118s6.7
EATA (PHIC(UeJ ) =)se18) v o3e 052s o659 ,B) ekoelolofollel €E39:5,51
%1 9262283952.55692090393.2587937C024.2894.7705-396.2/

 #2.34Be2.74253.1193.52293.980494.52495,11495.83197.16048.807012.07
NBNZ(BN#10C.)-0.1
DO 1C1 I=1s42

93 K=I
100 IF{1.EQ.42) GO 7O 240
10! CONTINLE
110 BVZA{2sK)
UB=A( 3sK)
NPFNZNP (K)
__________ IFINPFN.EQL.CY GO W0 281
200 TPHAZPHA/1D
APHAZTPHA
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CIFFCTPHA-NPHA
I=NPHA=]

__________________________________

VAL-DIFFs{PHI(NPFN oI +L}~-PHI(NPFNsI})+PHI(NFFNeI}

__________ B0 T 230 -

G0 _1¢ 230

24C FPRINT 24}

_24] FORMAY{Z2CYON1 ) EGAL BODY NUMBER)

Bvz=C,

__________ UB=Qw

¥-889,.

230 CONTINUFE
REFURN

12
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