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Computation and Interpretation of Insolation Tables
for the Surface of Mars
by

William A. Schlosser, Raymond T. Greer4an§ Vladimir Vand

ABSTRACT

Computationiof the Insolation«Tables for'the amount of sunlightﬂ
received per square centimeter at any position of the planet's surface
and at any time of orbit fof the planet Mars has been programmed for
the TBM 707& computer. The values represent an extension and modifica-
tion of previous work on insolation curves which had been compiled
before the Mariner IV results concerning the atmosphere of Mars were
known. These new computed values have been applied to predict extraF
terrestrial atmosphere circulation patterns since the seasonal storagé
of insolation is small on Mars, and as a consequence the latitudinal
gradient of groundAtemperature and the differenﬁial heating of the air
should both vary seasonally on Mars in the same way as the effective
insolation.

Pfofiles and contour plots of computed insolation values taken from
the Tables compare favorably'with changes in cﬁlor patterns observed
during the Martian year, suggesting that many of the striking Martian
features depend on clearance and deposition of yellow dust which is
~influenced by the diurnal pattern of winds on Mars. The effect of a
mountain ranée,anchoring a zone of anticyclones which would contribute

to the shape of the maria is indicated for the region 30° south latitude



and 130° west longitude; the suspected anticyclones increase with size-
starting with small ones at Phaethontis, and increasing in size in the

order of: Electris, Eridania, Ausonia, Hellas, Naochis, Argyre I,

and Ogygis Regio.




SUMMARY

Computation of the Insolation Tables for the amount of sunlight
received per square centimeter at any position on the planet's surface
and at any time of orbit for the planet Mars, have been programmed for
the IBM 7074 computer. The Tables represent an extension of Mintz's work
on insolation curvesl and their application to extraterrestrial weather
calculations, Because of the interest in predicting not only the
seasonal but the daily patterns on Mars, the Tables give values for

application to specific theories and models.



METHODS
For purposes of versatility and rapid computation, an IBM1707Q
computer was utilized for the calculations of the following:
A, . The radial distance of Mars from the-sgn,
B. The inclination of the axis of the planet to the plane of
its orbit, and |
C. The heat received by any specific square centimeter of the
planet's surface.
To caleculate the amount of heat energy received on the surface
.of Mars for any particular time of the day and of the year, it is
necessary to evaluate both the radial distance, R, and the angle, Ls’
that the planet makes as it travels in its orbit around the sun. The
angle, 8, which is a constant for any given year, must also be

determined. A diagram of these parameters is shown in Figure 1.



A, Radial Distance of Mars from the Sun
The relationship between the angle, E, described by the planet-
as it moves along its orbital path and the time of the year, is given

by Kepler's equation,

o
-

E - e sin E = = (T) (1)

&

where E is the eccentric anomaly,
P is the time required for a full orbital
revolution of the planet,
T is the number of days since perihelion,
and e is the eccentricity of the planet's orbit.
The mean anomaly, M, equals the right hand side of eQuation (1) or
2rl

M=

where P 'is the complete period‘(687 days) of the Martian
orbit around the sun,

and- T is any particular time of the year.
Therefore, given M, an equation‘is required to express E in.terms of M.
Once the value of E is determined (for any time of the year, T), the
radius vector from the planet to the sun and the angle Ls follow from
the equation of the ellipse. Knowing LS yields the inclination of the
planet's axis to the orbit.

The calculation of E(M) proceeds as follows:

M=EFE - e sin B

B, P

SinE":E-S—:_ +5:-cc-¢
therefore
. eED
M=E-eE+-§%3---§-1‘::— (2)



Now E(M) may be of the form
E(M) = aM + bIP + oM .... (3)

where a, b, and c are constants to be determined.

Substituting Eq. (3) into Eq. (2), and neglecting higher order terms

yields:
M= (1-e)(aM + b} + M) + -3?-,- (10 + 3a26M°) = ge-,- a M’

" and equating like powers of M to determine the constants a, ¢, and ¢

g&ves the following:

a= 1%-5 (3a)
b= - (3v)
31 (1-e)
c = ..9_‘3_2_*3__ (30)
51(1-e)’ |

This alters Eg. (3) to the following:

Mo P N (9e2 + e)M5
e " 5i(1-e)*  51(1-e)7

E(M) = (&)

At this point, using the binomial expansion for

yields:
(1-e)™

EM) = (1L + e + '32 + e3)M - ge-;-(l + lbe + 1Oe2 + 20e5)M5

+ -ge;-(l + 16e + 9le2)M5 (5)

Rearranging the terms of Eq. (5) in terms of series of sine of multiple

angles, we obtain a Fourier series expansion:

E(M):M:l'e'sinM+%e2sin2M+.A.. - (6)



and since e << 1, all of the higher terms can be neglected.

Referring to Figure.l, the radius, R is described by the equation?:

R=a(l - e cos E) (6&)
where a is the distance in A.U. from the sun to the-
vertex of the orbit.
Sdbsfituﬁing Eq. (6) into Eq. (6a) completes the derivation yielding
the radial distance of the planet from the sun at any given time of the

year.

B. Inclination of the Axis of the Planet to the Plane of its Orbit
Having determined E as a function of M, it is possible to define a

new angle, 7Y (see Figure 1), as a function of E. From the equation of

the e;lipsez,

Y - 1+e | E
tan (2) T= tan (2)
or, ' ,
1+e E
V=2 arc tan {\f T ten (59 (0
The angle, Ls’ can be found from the geometry of the ellipse. By
inspection:

L=~ 113, 44° (8)

¢

The angle of inclination of the planet's axis to its orbit, DS’
is given by the following relationship:
D, = 31n(LS) (9)
Eq. (9) was obtained by inspecting tables5 of DS and LS. In Eq. (8),
113.44° is the optimized value obtained by rﬁnning a computer program

that calculates the.radius vector.. This calculated value was compared



to the radius vector in the Ephemeris and the value of 8 was varied
slightly to obtain minimum error. Everything else was constant.

By substituting Eq. (6), -(7), and (8) into Eq. (9), the angle
of the planet's axis to its orbit,’Ds, may be calculated as a function

of the time of the Martian year.

C; Heat Received by a Square Centimeter of the Planet's Surface

The amount of heat received from the sun by a square centimeter
of the planet's surface, at normal incidence to the sun's rays, will
be proportional to the inverse square of the radial distance of the
planet to the sun. That is:

S = (10)

X
R2

. where K is a constant,

'S is the amount of heat incident on the square centimeter,
and R is the radial distance of the planet to the sun.

The value of the solar constant, S, is 2.00 small cal. per min. on one
sg. cm., and represent% the amount of the sun's energy received on a
square centimeter of a black body surface incident to the sun's rays
and located at a distance of 1.0 A.U. away from the sun.

From Eq. (10),

2

2 cal., A.U,

K = SR = 2880.0
day cm

The greatest amount of energy received by the planet, S(max)’ will
occur when the planet is in its perihelion. B8Since the time, T, is
zero at the perihelion, the eccentric anomaly must also be zero from

Eq. (6). Eq. (6a) now reduces to the form:

R=a(l - e) = 1.521 (1.0 - 0.0934) = 1.3789 A.U.

therefore



2

s = 1514.6 —S2Lk.
(max) cm day

Since Mars is not a black body, it will not absorb all of the sun's

energy; the value of the albedo of Mars used here is A = 0.26,

Therefore the effective insolation on the surface of Mars (perpendicular

to sunlight) is

cal.

cm? day

s(1 - A)(max) = 1120.8
at perihelion.

Because the planet is assumed to be spherical, a general point
at the surface will not have normal incidence of the incoming rays of
the sun. From consideration of Figure 2 and the rules of spherical
geometry, this fact can be accommodated. The actual computer program
does not calculate R; it calculates B?/a? where "a" is the distance in
A.U. from the sun (at the focal point of the Martian orbit) to the
vertex of the Martian orbit. To take this into account, S(1 - A)(max)

is changed to W in the computer program, where

W=(B-§-)s(1-A)( )=928—-§-"‘-‘—l—‘—-
a max cm- day

The amount of energy received by a square centimeter of surface, as it

mgkes a revolution about its axis, will be given by
; a? _
s(1 - 4) =,W67§) {cos(Ds + 90°) cos (90° - latitude)
. R '

+ sin(DS + 90°) sin (90° - 1étitude) cos(2rt) ]

(11)



RESULTS

The values of the amount of heat energy received on the surface of
Mars for any particular Martian time of the day and time of the year
are listed in Table 1. January 18t was taken as the day that the winter
solstice occurs in the southern hemisphere. This is the time that the
inclination of the planet is most negative. Knowing this fact, the
mean anomaly can be calculated and from this the time of the year (T)
can be found. For these calculations, the winter solstice occurs 38
days past the perihelion. Also, the length of the Martian day is taken
as being 24 Martian hours,'thus the calculations are started at midnight
or at a point on the Martian sphere directly opposite the noontime sun.,
Arbitrarily, the names of 12 equal Martian months are taken from the
names of analogous earth months, and are considered in terms of four
seasons. |

Figure 3a shows the daily noon, mean, and midnight effective insola-
tion on Mars, [s(1-A)], at the time of the northerm hemisphere winter
solstice ("January 15t"), when A = 0.26. From the northern hemisphere
pole to 65° latitude there is no insolation; from this latitude the mean
daily insolation rises to its maximum at the pole of the southern hemi;
sphere. The noontime insolation has its maximum at 25° latitude of the
southern hemisphere. From -65° latitude to the pole of the southern
hemisphere there is some insolation at‘midnight. These variations can be
followed in Figures 3b - 3£ as the seasbns'change. The values used in
constructing Figures 3~5 were taken from Table 1.

| Figures L4 and 5 permit a comparison of the daily and noon effective

insolation patterns with the propagation and extent of}darkéning‘phénqm-‘

L

enonu-6 observed on the Martien surface.. In general, the sﬁrface



temperature of Mars will follow the effective insolation [S(1-A)] both
seasonally and diurnally since most of the energy is absorbed by the
ground and the seasonal storage of insolation is small.

-Latitude and longitude measures of many points duriné the last
50 years show no appreciable change of position Qf the "COastlines"
and other prominent markings on the planet; The only variations are in
the intensity of coloring. Overall, there is strong meteorological
evidence that the dark markings are primsry and light markings are
secondary.7’8» The -light and dark prominent features form bands. :The
mosﬁ prominent dark band is located just south of the equator between
about 0° and ~30° latitude. The northern hemisphere is light between
0° and 60° latitude, and the southern hemisphere between -30° and 56O°
latitude. Both polar areas above *60° latitude are dark again, except
for brilliantly white polar caps which change in extent and disappegr
according to seagson.

‘The general circulation is made up of the mean conditions over a
long period. On Mars, wind is considered an important, effective agent
of transportation and surfacé modification. The insolation plots for
latitude and heliocentric longitude indicate remarkable agreement with

the expected general trends of Martian darkening phenomenon that could

be associated with the flanetary circulation pabtern.
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FIGURE CAPTIONS

Figure 1,

Schematic Orbit of Mars Around the Sun.,

Figure 2. Geometric Representation of Angular Relabionships for

Pigure 3.

Figure 4.

8 cm? Areé on the Martian Surface.

Profiles of the Effective Insolation Received During

Each of 12 Equal Martian Months Identified by the

Names of Analogous Earth Months.

(a)
(b)
(c)
(a)
(e)
(£)
(&)
(n)
(1)
(3)
(k)
(2)

Insoclation Received
Insolation Received
Insolation Received
Insolation Received
Insolation Received
Insolation Received
Insolation Received
Inéolation Received
Insolation Received
Insolation Received
Insolation Received

Insolation Received

on January 156
on February 18t
on March 15%

on April 18t

on May 15%

on June 15t

on July 15%

on August lst‘
on September 15T
on October 15%

on November 15t

on December 15%

Daily Average Insolation Values Plotted to Indicate

Trends which may be Responsible for Generating the

General Planetary Circulation Pattern.

(a) Composite of the Daily Average Insolation Profiles

for the 12 Martian Months.

(b) Contour Plot Utilizing the Same Insolation Values

for -90° to +90° Latitude vs. the 12 Martian Months.



Figure 5. Noon Insolation Values
(a) Composite of the Noon Insolation Profiles ‘

(b) Contour Display of the Seame Valies.



Figure |. Schematic Orbit of Mars 'Around the
Sun '

Martian Orbit ————

2 Descending Node

:

. Perihelion

A — Mars




Point on the Martian "\
Surtace

FF= 90°- Latitude

- - e -

F = 90°+ Dy
TT= Time of the Day
R X

24 hrs

(refer: APPENDIX B,
computer program)

Figure 2. Geometric Represenfmioh of - 'Anguiar Relononshlps
- for a lcmz Area on the Moman Surface
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TABLE CAPTION

Diurnal and Daily Average Effective Insolation Values Compﬁted

for the First Day of Each of 12 Equal Martian Months.
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APPENDIX A

FORTRAN Program
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COMPILE RUN FORTRAN

TS=NUMBER OF DAYS TO JANUARY 1ST (COUNTED FROM PERIHELION)
TINC=NUMBER OF DAYS THAT T WILL BE INCREMENTED

T=TIME OF THE YEAR (VARIABLE)

ER=ECCENTRICITY OF THE ORBIT

THAT=CONSTANT ANGLE, 113.44 DEGREES

W=HEAT RECEIVED AT PERTHELION

THIN=INCREMENT OF LATITUDE

'N=NUMBER OF HEAT CALCULATIONS PER DAY PER LATITUDE

TTT=INTERVAL OF TIME BETWEEN HEAT CALCULATIONS (N¥TTT=2k)

A=DIMENSION OF ORBIT

PHIM=MAXIMUM INCLINATION OF AXIS.
DIMENSION H(100),XXT(30)
READ 51,TS,TINC,EE,THAT,W, THIN
READ 53,N,TTT,A,PHIM
K=180.0/THIN+1.0

PI=3.1416/2.0

T=TS5/687.0
XHAT=THAT¥3, 1&16/180 0
DD=(1.0+EE)/(1.0-EE)
ABC=SQRTF (DD)
DO 14 IT=1,12
IF(II-l)l,l,lOl

101 IF(II-2)2,2,102

102 I1F(II-3)3,3,103

105 IF(II-4)L,L4,104

o4 1F(1I-5)5,5,105

105 IF(1I-6)6,6,106

106 IF(II-7)7,7,107

107 1r(11-8)8,8,108

108 1F(II-9)9, 9,109

109 IF(II- 10)10 10,110

110 I1F(II-11)i1,11,111

111 PRINT 212
GO TO 900

11 PRINT 211
GO TO 900

10 PRINT 210

GO TO 900

PRINT 209

GO TO 900

PRINT 208

GO TO 900

PRINT 207

GO TO 900

PRINT 206

GO TO 900

PRINT 205

GO TO 900

PRINT 204

GO TO 900

‘PRINT 203

GO TO 900

PRINT 202

GO TO 900

PRINT 201

O N O W

HOM W & oW,



900 XM=2,0%3,1416%T

E=XM+EEXSIIF (XM)+0 . S*EEX¥EEXSINF (2 , O%XM)

U=1.0/(1.0-EE*COSF(E))
Z=U*U
ES=E/2.0
PP=ABC*SINF(ES)/COSF(ES)
GNU=2 , O%XATANF ( PP)
SI=GNU=XHAT
PHI=PHIM*SINF(SL)
R=A%SQRTF(1.0/Z)
PHIX=PHI*3,1416/180.0
F=PI+PHIX
THATA=PT
XXT(L)=0.0
DO 52 KK=2,N

=KK~1
XXT(KK)=XXT (KKK )+TTT
PRINT 22,R
PRINT 23, PHT
PRINT 2L, (XXT(XX) ,KK=1,N)
PRINT 25
PRINT 26
DO 13 J=1,K
TT=-12,0/24.0
FF=PI~THATA
HT=0.0
DO 20 I=1,N

52

16 H(I)=W*Z*SS
IF(8(1))17,17,18

H(I)=0.0

TT=TT+TTT/2k4.0

HT=HT+H(I)

' CONTINUE

CCCC=N

HAVE=HT/CCCC
THATAX=180.0%THATA/3 . 1416

17
18

20

PRINT L4l ,THATAX ,HAVE, (H(I),I=1,N)

13
T=T+TINC/687.0

1% CONTINUE o
201 FORMAT(1H1,20X,34HINSOLATION
202 FORMAT(1HL1,20X,35HINSOLATION
203 FORMAT(1H1,20X,32HINSOLATION
20l FORMAT (1H1,20X ,32 HINSOLATION
205 FORMAT(1H1,20X,30HINSOLATION
206 FORMAT(1H1,20X,31HINSOLATION
207 FORMAT{1H1,20X,31HINSOLATION
208 FORMAT(1HL,20X,33HINSOLATION
209 FORMAT(1H1,20X,36HINSOLATION

210 FORMAT(1HL,20X,34HINSOLATION

211 FORMAT(1H1,20X,35HINSOLATION
212 FORMAT(1HL,20X,35HINSOLATION

THATA=THATA~-(3,1416/180.0)*THIN

RECEIVED
RECEIVED
RECEIVED
RECEIVED
RECEIVED
RECEIVED
RECRIVED
RECEIVED
RECEIVED
RECEIVED
RECEIVED
RECEIVED

§8=COSF (F ) *COSF (FF )+SINF (F)*SINF (FF )*COSF (4 . O¥PT*TT)

ON JANUARY 1ST)
ON FEBRUARY 1ST)
ON MARCH 1ST)
ON APRIL 1ST)
ON MAY 1ST)

ON JUNE 1ST)

ON JULY 1ST)

ON AUGUST 1ST)
ON SEPTEMBER 1ST)
ON OCTOBER 1ST)
ON NOVEMBER 1ST)
ON DECEMBER 1ST)



51 FORMAT(8F10.3)

53 FORMAT(TI10,7F10.3)

22 FORMAT(1HO,10X,15HDISTANCE TO SUN,2X,F7.4,2X,4HA.U.)

23 FORMAT(1HO,10X,19HINCLINATION OF AXIS 2X F6 2 2X,7I-H)EGREES)
24 FORMAT(1HO 101—1'1311@(1{35 ),9%,9(F5.1 5x))

25 FORMAT(1H ,10X,5HDAILY)

26 FORMAT(1H 8HLATITUDE 1X, THAVERAGE)

LY FORMAT(1H F7 1, F8 1 J.X,9(F8 1,2X))

+38.0 +57,25 40,0934 - 1254k +928,0  +10.0
: 8 +43.0 +1.52 -23,99 - : ,



APPENDIX B .

FORTRAN Progr am Comments



TS -
TING -
T -
EE =
THAT =
Wo-
T}m\f-
N -
TIT
PHIM =

Statement
Number of days to January 1lst counted from the perihelion.
January lst is ﬁhe day that the winter solstice oeccurs in the‘:
southern.hemisphere. This is the time that thevinclination of,ﬁaif ¥
the planet is most negative. The inclinatiéh is called PHI in -
the program. This time cprrésponds to the time When Lg (called .
SL in the program) = 270°; With this'information,.the méén anomély/;;j
can be calculated, and from this time Sf the -year, T, can be.found;ﬁ5
The winter solstice occurs 725 days into thelorbit or 725-687 =
38.0 days past the perihelion. | |
Tt was decided to make the Martian year hawe‘iQ months. The pgrioq'?ak
of révolution = 687 days (Martian days) = earth days; therefore,  ¥;:
each Martian month has 687/12 = +57.25 days/month = TINC, (T
incremented) ” o |
Time of the year (variable)

Eccentricity of the orbit = 0.093k

is an angle (in degrees) that is described by the arc () shown in,k;5{

Fig. 1. This number is a constant. The value of (THAT) used in o
the program was 113.44°,

is the heat received at the perihelion = 928.0fcal/ém?-day

. The increment of latitude = 10.0

Number of heat calculations per day per latitudev= 8.0
Interval of time between heat calculations = 3.0 [such that N
times TIT = 2L4].

Dimension of orbit = 1.52

Maximum inclination of axis = -23.99



XHAT

DD

]

ABC =

900 XM -

ES

PP

2

il

i

”ﬂﬁ%o

From the computer printoﬁ.t:

T;EN + l This statement tells the computei how many lines of

~ data are to be printed

/2
TS/687 This converts the starting time, in days, to a fractidnal :
part of the Martian year. |

(THAT) E%—d Converts (THAT) in dé_grees?to radians

,—-—-:]L'_: where e is the eccentricity of the orbit .

l+e
l-e

2rT This is the mean anomaly
XM+es'in(XM)+ -215 egsin(EXM) This is 'jbhe eccehfric"anomaly‘ and is
Eq. (6) in the text.

1 a

l-e cosiE) = R

(Eq. 6a in the text)

‘a = distance in AU, from the sun to the vertex of
the orbit

R

radial distance of the planét-td the sun

-g- Starting to compute 7Y (see Eq.. (7))

«Vl e sm(E/Q) v
= lfe (cos(E/e)) (—)

v (Eqg. (7)) = 2arc tan [} ?2 tan (g)]

' GNUXHAT  This is Eq. (8).

-PHIM SIN(SL) This is Eq. (9) where PHI = Dy or the inclinstion .
of the planet's axis to the Martian orbit. PHIM is the mexLmmm
inclination. The minus sign comes from the face that the inciina.-’-ﬁ l
tion (in the Epheme::‘j.s:3 ) is measured from the sun instead of fry‘omi:'

the planet.



R f a %- = a
= (T

F = PI + PHIX .
yg‘E + PHIX

2 S .
55- =r This is the radial distance of the planet

- to the sun.

" This converts the inclination to radians

' Starting to compute angles of surfaces of the planet

This is a variable (latitude) with an initial value of

/2 (starts at North Pole)

XXT(1) = 0
through
PRINT 26

DO 13 J = 1,K -

' These statements just print :the headings and labels on

the printout

~ Within this loop is contained all of the heat calculationgf 

for any given time (month) of the year

- Assuming that the Martian day has 2l hours, the calcula=

. tions are started at midnight or at a point on the

'“ Martian sphere directly opposite the noontime sun, TT

T = - 52
FF =L - moETA
'S8 = Cos(s)

HT = 0O

DO 20 I=1,N

“is wariable,

(Refer Fig. 2)

 (Refer Fig. 2)

| This sets the accumulated heat received at any latitude :

during a Martian day equal to zero.
This ldop within the first loop does all the heat cal-

culations for any particular latitude.

SS = cos(F)_cos(H}bsin(F)sin(FF)cos(27TTT) This is a relation of the sides

and angles in a spherical triangle. The various angles
are shown in Fig. 2. If SS is zero or negative this

means that the particular part of the Martianbsurface



is not receiving any sunlight and therefore cannot receive
any heat. This is the reason for Statement 17 and the-statement‘
before it.
16 H(I) = (W) (2) (S8) 'This is the actual heat computation.
W is the heat received at perihelion on a surface  to1thelsunfS-'k

‘ ' 2 S . E :
rays. W= (BEOS(l-A)max = 928 -—52;—- . S8 takes into accOunt

a cm -day _
the fact that most surfaces are not ‘to the sun's‘rays.
2 v S
Z =25 This tekes into account the fact that the amount of ~
K , , T

heat received varies as the invérée'square of the planet's
| distance to the sun.

18 TT = TT + %52' This statement increments the time of thé‘day'so a new 5

C
’ . oo -

calculation of the same latitude may be starﬁed;
. HT = HT + H(I): This Just adds up the heat from each calculation. . -
HAVE = HT/CCCC - This averages the heat received:

" Total heat calculated during oL hr.,
Number of calculations

THATAX = (%?_—9) THATA  Converts THATA (radians) to degrees to be used for
.- printout.
PRINT Ll _ This prints one line of data.

13 THATA = THATA'f‘ i%s)THIN | This moves'the'latitude‘by the:set incremgﬁt:
e | ". Calculations start from the NorthfPole and’go to thg.’“'
| - South Pole. This is the end of the calculations for
any given month. | | o
T=T+ g " This moves the program to é new month and & new set of

heat. calculations.



