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Calculations of the daily solar radiation incident at the tops of the atmospheres of Mars and
the outer planets and its variability with latitude and season are presented in a series of figures
and tables similar to those for Karth in The Swmithsonian Meteorological Tables. The changes in
the latitudinal and seasonal distributions of daily surface insolation during the great Martian
dust storm of 1971 (when Martian atmospheric optical depth increased from about + = 0.1
to 2.0) were significant and dramatically illustrate the effect of atmospherie aerosols on surface
insolation; i.e., the mean annual daily insolation at the poles decreased by more than a factor
of 100 as 7 increased from 0.1 to 2.0,

INTRODUCTION rotating planets in the solar system—-Mars,
Jupiter, Saturn, Uranus and Neptune—as
a function of latitude and scason. In addi-
tion, we have investigated the effeet of
increased global atmospherie turbidity (re-
sulting from wind-blown dust during the
great Martian dust storm of 1971) on the
scasonal and latitudinal distributions of
insolation at the Martian surface, We pre-
sent caleulations of Martian surface insola-
tion  for atmospherie  optical thickness,
= 0.1, 0.35, and 2.0. As expeeted, the
distribution of Martian surface insolation
was greatly altered by the increase of
atmospherie acrosols: i.e., the mean annual
daily insolation at the Martian poles de-
creased by more than a factor of 100 as 7
increased from 0.1 to 2.0 during the great

The distribution of incident solar radia-
tion and its variability with latitude, season,
and atmospheric turbidity is of prime im-
portance in studies of the Karth’s radiation
and energy budget, climatology, weather,
and global circulation and dyvnamics. For
this reason, the figures and tables of the
daily solar radiation incident at the top of
the Earth’s atmosphere and at the Earth's
surface as a function of latitude, scason,
and atmospheric turbidity given in The
Smithsontan Meteorological Tables and scv-
eral other atmospheric seience references
and textbooks arc an important and useful
research aid. To the best of our knowledge,
similar calculations for the other planets

have not been published. With this in mind,
we present caleulations of the daily solar
radiation incident on the other rapidly
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dust storm of 1971.
The results of our caleulations are pre-
sented inoa series of figures and in two
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tables. In the figures, the incident solar
radiation is given in contours of calories per
square centimeter/planetary day as a func-
tion of planetary latitude and season. Fol-
lowing the convention in The Smithsonian
Meteorological Tables, the planet’s season
is represented by the heliocentric longitude,
which is given on the abscissa. A helio-
centric longitude of 0° corresponds to the
Northern Hemisphere vernal equinox, 90°
corresponds to the Northern Hemisphere
summer solstice, 180° corresponds to the
Northern Hemisphere autumnal equinox,
and 270° corresponds to the Northern
Hemisphere winter solstice. The declina-
tion of the Sun is represented by a dashed
line.

The mean annual daily solar radiation
incident at the top of the Martian atmo-
sphere and reaching the Martian surface
as a funetion of latitude for various turbid-
ity conditions is given in Table II. The
mean annual daily solar radiation incident
at the tops of the atmospheres of Jupiter,
Saturn, Uranus, and Neptune as a function
of latitude is given in Table III. Since the
mean annual daily solar radiation values
given in Tables II and III are symmetric
with respeet to the planet’s equator, a
value at a given latitude applies to cither
hemisphere,

CALCULATION OF SOLAR RADIATION
INCIDENT ON A PLANETARY
ATMOSPHERE AND SURFACE

The amount of solar radiation incident
at the top of a planetary atmosphere, I,
(cal em™ min—!) can be expressed as

1y = [8o/(r/ac)?] cos z, (1)

where Sy is the solar constant at the mean
Sun—Earth distance of 1 AU, taken to be
1.94 cal em™2 min—, z is the zenith angle of
the incident solar radiation, r is the instan-
taneous Sun—planet distance, and a. is the
semimajor axis of the Earth’s orbit (1 AU).
The instantaneous position of the planet
in its orbit can be expressed as the angular
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distance, 8 from perihelion, and is related
to the orbital elements by

r=a(l —e)/(1 + ecosé), (2)

where ¢ and e are the planet’s semimajor
axis and eccentricity, respectively. The
position of perihelion is given by Melbourne
et al. (1968).

The zenith angle of the incident solar
radiation, 2, can be expressed as

cosz = sin ¢ sin § + cos g cos d cos h, (3)

where ¢ is the planetary latitude, § is the
solar declination, and 4 is the local hour
angle of the Sun.

For a rapidly rotating planet, (1) can be
integrated to yield the amount of solar
radiation incident at the top of a planetary
atmosphere over the planet’s day, I, [cal
em~? (plapetary day)™'], and is given by

I, = (PSo/7){ae/r)Hcos 6 cos ¢ sin hg
+ hosindsing], (4)

where P is the planet’s rotation period in
minutes, and A4, is the local hour angle at
sunset which can be determined from (3).
The solar declination is given by

8in § = sin e sin A, (5)

where e is the obliquity, the inclination of
cquator to orbit (the angle between the
orbital and rotational planes), and X is the
planetary longitude measured from the
intersection of these planes. e is the com-
plement of the angle corresponding to the
latitude of the North Pole of the planet
relative to the planet’s orbit and is found
from standard spherical trigonometric rela-
tionships and the right ascension and decli-
nation of the planetary pole and orbital
data given by Melbourne et al. (1968). A
determines the locations of the solstices
and equinoxes on the planetary orbit.
Planetary data are given in Table 1.

To caleulate the solar radiation incident
on a planctary surface over the planet’s
day I, [cal ecm™2 (planetary day)~'] as a
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TABLE I
Planetary Data®

Eccentricity

Semimajor

axis

(AU)
Mars 1.524 0.093
Jupiter 5.203 0.048
Saturn 9.539 0.056
Uranus 19.18 0.047
Neptune 30.06 0.009

o From Mars Engineering Model (1974) and Newburn and Gulkis (1973).

Argument  Obliquity

Orbital Rotation
period of (deg) period

(tropical Perihelion? (hr)
years) (deg)

1.88 248 24 .94 24 .62
11.86 58 3.07 9.84
29.46 279 26.74 10.27
84.01 3 97.93 10.82

164.79 6 28.80 15.8

b Referenced to the vernal equinox at solar longitude = 0°,

function of latitude, season, and atmo-
spherie turbidity, we assume that the in-
coming solar radiation is attenuated by a
mean atmospherie optical depth, 7, such
that

s = (I)SU//F) (alr//r)“2
hy
X/ (cos h cos 8 cos ¢ + sin 8 sin ¢)
0

X exp [—7/(cos h cos & cos ¢

+ sin 8 sin ¢) Jdh.  (6)
This equation was solved numerically by a
modified Simpson integration.

DISCUSSION OF CALCULATIONS
Mars

As a result of the gravitational perturba-
tions of the Sun and the other planets, the
orbital eceentricity and obliquity of Mars
have experienced substantial cyclical varia-
tions over its history. These changes in
eccentricity and obliquity have caused cor-
responding variations in the intensity and
planetary-wide distribution of solar radia-
tion incident on Mars. Over its history, the
orbital eccentricity of Mars has varied
from 0.004 to 0.141 and its obliquity has
varied from 14.9 to 35.5° (Murray et al.,
1973; Ward, 1974). For the calculations
presented in this paper we have adopted

the present values of cecentricity and
obliquity of 0.093 and 24.94°, respectively.
Figure 1 shows the distribution of solar
radiation incident at the top of the atmo-
sphere of Mars. The maximum radiation
oceurs over the southern and northern
poles. By comparison, the Earth reccives
1100 and 1000 cal em~2 day™! at the poles
at the southern and northern summer
solstices, respectively. Maxima in the in-
cident solar radiation over the poles during
the solstices oceur because of the continuous
daylight which overcompensates for the
large solar zenith angle. Such a situation
oceurs whenever the obliquity, ¢ S 18°,
which is true not only for Mars and the
Earth, but also for Saturn, Uranus, and
Neptune (see Table 1).

Figure 2 shows the distribution of solar
radiation at the surface of Mars for clear
sky conditions (7 = 0.1). In gencral, this
distribution follows the distribution at the
top of the atmosphere, except for magni-
tude, which is deercased somewhat be-
cause of clear sky absorption and scatter-
ing. A significant hemispherie  seasonal
asymmetry exists in that there is consider-
ably more insolation over the southern
polar regions than the mnorthern polar
regions during local summer solstice. Since

the southern winter season oceurs at aphel-
ion, it is colder and of longer duration than
the northern winter season. This results in
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LATITUDE

SOLAR LONGITUDE (SEASON)

Fia. 1. Solar radiation incident at the top of the Martian atmosphere [in cal em=2 (planetary

day)~'].

a more extensive southern polar cap. The
rapid near-compiete melting of the south-
ern polar cap results from the hotter
southern summer. The northern polar cap
remnant is a permanent surface feature
resulting from the cooler summer in the
Northern Hemisphere.

The effects of various concentrations of
atmospheric dust on the insolation dis-
tribution are shown in Figs. 3 and 4. Figure
3 shows the distribution at the Martian
surface for 7 = 0.35. The point of maxi-

90

mum insolation has moved equatorward,
since the larger zenith angle and thus the
larger optical depth exerts a stronger effect
than the longer daylight hours.

Figure 4 shows the surface insolation at
the height of the great Martian dust storm
corresponding to an optical depth, r = 2
(Masursky et al., 1972). The insolation
distribution closely parallels the seasonal
march of the Sun, with maximum insola-
tion in the tropics and only small amounts
of solar radiation reaching the polar regions.

8O

60
50
40

LATITUDE

180 270
SOLAR LONGITUDE (SEASON)

Fia. 2, Solar radiation incident at the Martian surface (r = 0.10) [in cal cm™2 (planetary day)—1].
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LATITUDE

180 270

SOLAR LONGITUDE (SEASON)

Fiq. 3. Solar radiation incident at the Martian surface (= = 0.35) {in cal em™? (planetary day) ']

For example, in the polar latitudes during
the Southern Hemisphere summer, the
insolation is only about 59 of the clear sky
values.

The mean annual daily solar radiation
incident at the top of the Martian atmo-
sphere and reaching the Martian surface
as a funection of latitude for the various
atmospheric turbidity conditions in Figs.
1 to 4 is summarized in Table IT.

It is interesting to note that the great
Martian dust storm of 1971 began at about

the latitude and about the time of year of
maximum solar insolation (sce Figs. 2 to
4). In reviewing the great Martian dust
storm of 1971, as well as previous planct-
wide dust storms, Gierasch (1974) points
out that indeed certain geographical regions
are favored for the development of these
storms. The storms usually develop be-
tween 20 and 40°S latitude near or slightly
before the Southern Hemisphere summer
solstice. Large amounts of solar radiation
could have been absorbed by relatively

LATITUDE

o] 20

180 270 360

SOLAR LONGITUDE (SEASON)

Fia. 4. Solar radiation ineident at the Martian surface (7 = 2.0) [in cal em ®

(planetary day)™].
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TABLE 1II

Mean Annual Daily Solar Radiation Incident at Top of the Atmosphere
and at the Surface of Mars®

141

Lat. Top of Surface Surface Surface
atmosphere (r =0.1) (r = 0.35) (r =2.0)
85 0.167 X 10% 0.118 X 10% 0.559 X 102 0.877
80 0.170 X 103 0.121 X 103 0.599 X 10% 0.143 X 10t
75 0.176 X 102 0.128 X 102 0.666 X 10? 0.232 X 10!
70 0.185 X 103 0.137 X 10? 0.759 X 102 0.352 X 10¢
65 0.198 X 10° 0.150 X 103 0.871 X 10? 0.501 X 10!
60 0.217 X 103 0.167 X 10° 0.997 X 102 0.677 X 10*
55 0.238 X 103 0.186 X 10% 0.114 X 10? 0.874 X 10
50 0.259 X 102 0.206 X 103 0.129 X 103 0.109 X 10?
45 0.279 X 103 0.225 X 103 0.144 X 103 0.132 X 102
40 0.297 X 103 0.243 X 103 0.158 X 103 0.156 X 10?
35 0.315 X 103 0.260 X 103 0.172 X 103 0.180 X 107
30 0.330 X 103 0.275 X 103 0.185 X 103 0.204 X 102
25 0.344 X 103 0.288 x 103 0.196 X 103 0.227 X 10¢
20 0.355 X 10° 0.299 X 103 0.206 X 103 0.247 X 10%
15 0.364 X 103 0.308 X 103 0.213 X 103 0.264 X 102
10 0.370 X 103 0.314 X 103 0.219 X 103 0.277 X 102
5 0.374 X 108 0.318 X 10? 0.222 X 103 0.285 X 10¢
0 0.375 X 102 0.319 X 10? 0.223 X 108

0.288 X 102

aFor r = 0.1, 0.35. and 2.0 [in cal cm™2 (Mars day)—'].

small amounts of wind-blown dust in the
Martian atmosphere. According to the
Mars dust storm models of Gierasch and
Goody (1973), Leovy et al., (1973), Golitsyn
(1973), and Hess (1973), this process may
have triggered the planet-wide dust storm
that followed.

Wind-blown dust in the Martian atmo-
sphere can absorb significant amounts of
solar radiation, which in turn can alter the
temperature, thermal structure, and dy-
namics of the Martian lower atmosphere.
Gicrasch and Goody (1972) concluded that
a high-temperature, near-isothermal atmo-
sphere could result from the dust conditions
during the 1971 dust storm. Their calcula-
tions indicate that the solar radiation ab-
sorbed by wind-blown dust was enough to
increase the lower atmosphere temperature
by 25°K day~!. The Mariner 9 infrared
spectrometer experiment (Hanel et al.,
1972) and the radio occultation experiment
(Kliore et al., 1972) show that the tem-
perature of the atmosphere was raised

about 50°K during the storm, and that the
temperaturce profiles became almost iso-
thermal.

Jupiter

The distribution of radiation incident on
the Jovian atmosphere is shown in Fig. 5
and, because of the small obliquity, is
nearly symmetric with respect to the
equator. At the equator the incident solar
radiation varies between 12 and 15 cal
em~2 (Jovian day)~! over the year. Peri-
helion occurs near the Northern Hemi-
sphere summer solstice, resulting in an
equatorial maximum in solar radiation at
this time of the year. The actual latitudinal
variation of absorbed solar radiation is
probably much smaller than the variation
of incident radiation shown in Fig. 5 since
the low and midlatitudes contain the cloud
zones which would refleet a significant
amount of visible radiation.
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LATITUDE

180 270

SOLAR LONGITUDE (SEASON)

Fia. 5. Solar radiation incident at the top of the atmosphere of Jupiter [in cal em—2 (planetary

day)~1].

Saturn

The larger obliquity of Saturn results in
maximum insolation at the poles, as shown
in Fig. 6. Perihelion oceurs at the Southern
Hemisphere summer solstice, resulting in
maximum solar radiation of about 6 cal
em™? (Saturn day)~'. Because of the larger
obliquity, the insolation pattern for Saturn
is very different from that for Jupiter.
Williams and Robinson (1973) have used

this as one argument for internal heating
as the primary cause of the similar dy-
namical effects on the two planets. The
effeet of solar radiation on the dynamics
has vet to be investigated. The actual
distribution of solar radiation incident at
the top of the atmosphere of Saturn is
complicated by the shadow effect of the
ring system, which is not included in our
caleulations.

LATITUDE

180
SOLAR LONGITUDE (SEASON)

T1a. 6. Solar radiation incident at top of the atmosphere of Saturn [in cal em=2 (planetary day)™].
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Fia. 7. Solar radiation incident at top of the atmosphere of Uranus [in cal em~? (planetary day)1].

Uranus

The very large obliquity of Uranus (98)
results in a bizarre distribution of solar
radiation (Fig. 7). The position of the
hemispheres is reversed with the Northern
Hemisphere “below” the ecliptic and the
Southern Hemisphere “above” the ecliptic.
Maximum solar radiation is incident at the
poles around the summer solstices, with
values of about 3 cal em~2 (Uranus day)?;
this situation will oceur around 1985. For

nearly half the Uranus year (approximately
42 Farth years), some parts of the planet
are in perpetual darkness. Whether the
small insolation received by the planet is
important to the dynamies has vet to be
determined, but if so, one would expect a
circulation much different from the cir-
culations of other rapidly rotating planets
in the solar system. Temperature differences
and the resulting condensation products
between the light and dark sides as well

LATITUDE

180
SOLAR LONGITUDE (SEASON)

Fie. 8. Solar radiation incident at top of the atmosphere of Neptune [in cal ecm~? (planetary

day)™].
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TABLE 111

Mean Annual Daily Solar Radiation Tneident at the Tops of the Almospheres

Jupiter

Lat. Saturn
85 0.128 X 10! 0.191 X
80 0.239 X 10! 0.194 X
75 0.352 X 10 0.200 X
70 0.463 X 10! 0.208 X
65 0.571 X 10 0.219 X
60 0.675 X 10! 0.236 X
55 0.774 X 10! 0.256 X
50 0.867 X 10 0.277 X
45 0.954 X 1 0.297 X
40 0.103 X 10? 0.316 X
35 0.110 X 10? 0.334 X
30 0.117 X 10? 0.350 X
25 0.122 X 102 0.364 X
20 0.127 X 10? 0.375 X
15 0.130 X 10? 0.384 X
10 0.133 X 10? 0.391 X

D 0.134 X 102 0.395 X
0 0.135 X 102 0.396 X

@ In cal em™ (planetary day').
as photochemical reactions could cause

changes in atmospheric composition.

Neptune

For completeness, the solar radiation in-
cident on Neptune is given in Fig. 8. The
maximum solar radiation falls on the polar
regions. Sinee perihelion occurs close to the
vernal equinox, there is no scasonal asyvm-
metry in the distribution of incident solar
flux.

The mean annual daily solar radiation
incident at the tops of the atmospheres of
Jupiter, Saturn, Uranus, and Neptune as a
function of latitude is summarized in Table
II1.

The latitudinal gradient and the seasonal
variation of incoming solar radiation con-
stitute a driving force in determining the
circulation and dynamies of the Earth’s
atmosphere. The latitudinal variation of
the mean annual daily solar radiation
received at the Earth’s surface is important
in determining elimate and weather pat-

10!
101
10!
10
10!
I
10t
10!
1ot
1ot
101
101
jL
10!
10!
101
10!
10t

of Jupiter, Saturn, Uranus and Neptune+

Uranus Neptune
0.108 X 10! 0.279
0.107 X 10 0.283
0.106 X 10 0.289
0.105 X 1o 0.299
0.103 X 10! 0.311
0.101 X 10! (.330
0.987 0.355
0.960 0.3581
0.932 0.408
0.901 0.433
0.871 0.456
0.839 0.477
0.808 0.496
0.778 0.511
0.752 0.523
0.730 0.532
0.717 0.537
0.714 0.539

terns. We believe the caleulations presented
in this paper should help in studies of the
radiation and energy budget, circulation,
dynamics, climatology, and weather of
Mars and the outer planets,
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