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ABSTRACT

Detailed information on the climatic conditions on Mars are

very desirable for the design of photovoltaic systems for estab-

lishing outposts on the Martian surface. This paper addresses the

distribution of solar insolation (global, direct and diffuse) and
ambient temperature. This data are given at the Viking lander's
locations and can also be used, to a first approximation, for
other latitudes. The insolation data is based on measured opti-
cal depth of the Martian atmosphere derived from images taken of
the sun with a special diode on the Viking cameras; and computa-

tion based on multiple wavelength and multiple scattering of the

solar radiation. The ambient temperature (diurnal and yearly dis-

tribution) is based on direct measurements with a thermocouple at
1.6 m above the ground at the Viking lander locations. The inso-
lation and ambient temperature information are short term data.
New information about Mars may be forthcoming in the future from
new analysis of previously collected data or from future flight
missions. The Mars climate data for photovoltaic system opera-

tion will thus be updated accordingly.

*This work was done while the author was a National Research
Council - NASA Research Associate; on sabbatical leave from Tel
Aviv University.



INTRODUCTION

NASA, through its Project Pathfinder, has put in place a
wide-ranging set of advanced technology prograﬁs to address future
needs of manned space exploration. Included in the mission sets
under study is the establishment of 6utposts on the surface of
Mars. The Surface Power Program in Pathfinder is aimed at provid-
ing ultralightweight photovoltaic array technology for such an
application (as well as for the lunar surface). Detailed informa-
tion on the climatic conditions on Mars at the photovoltaic system
location is very desi:able. These include the distribution of
solar insolation; ambient temperature; albedo; and wind speeds and
directions; with latitude, season, and time of the day. In addi-
tion, the effect of dust accumulation on the photovoltaic panels
and radiation damage causing degradation of the output power needs
to be assessed.

As on the planet Earth, the solar insolation on the surface
of Mars 1s composed of two components: the direct beam, and dif-
fuse component. The direct beam is affected by scattering and
absorption along the path from the top of the Martian atmosphere
to the Martian surface. Measurement of the optical depth [1,2] of
the Martian atmosphere allows an estimate of the absorption and
scattering out of the beam. These estimates were derived from
images taken of the Sun and Phobos with a special diode on the
Viking lander cameras. Since the cameras are sitting on the Mar-
tian surface, the measured intensity is directly related by Beer's

law to the optical depth of the intervening atmospheric haze:

G, = G, exp[— m?z)] (1)



where Gy 1is the unattenuated insolation at the top of the Mar-
tian atmosphere; Gp 1is the direct beam insolation on Martian sur-
face normal to the solar rays; t 1is the opticél depth; and m(z)
is the airmass determined by the zenith angle z.
Earth-terrestrial insolation data are accumulated over many
years at different locations around the world and are given as
long term average values. The optical depth data for Mars are
derived for only two Mars years. Consequently, the calculated
solar insolation corresponds to short term data. Furthermore,
the measured opacities (optical depth) and the calculated insola-
tions pertain to just two locations on the Mars planet; Viking
lander 1 (VL1) is located at 22.3° N latitude and 47.9° W longi-
tude, and Viking lander 2 (VL2) is located at 47.7° N latitude
and 225.7° W longitude. However, the similarity in the proper-
ties of the dust suspended above the two landing sites suggests
that they are also representative of ones at other locations, at
least, at latitudes not too far from the lander's sites. Data
from landers VL1 may be used for latitudes 40° N to 40° S and
data from lander VL2 for higher latitudes. The Martian atmos-
phere consists mainly of suspended dust particles, the amount of
which vary daily, seasonally, and annually dependent on local and
global storms intensities and their duration. The optical depth
of the atmosphere was determined from the measurements taken in
the morning and in the afternoon. The afternoon values are more
representative due to solely suspended dust particles, whereas the
morning values are higher indicating the presence of a ground fog.

The optical depth values given in the section entitled OPTICAL



DEPTH are the afternoon values, and are assumed to be constant
throughout the day. Large values of optical depth correspond to
global storms, i.e., days with low insolation ("dark days").

The albedo of the Martian surface varies in the range of
about 0.1 to 0.4. The insolations derived in the section entitled
SOLAR INSOLATION correspond to 0.1 albedo but can be also used for
other values of albedo, to the first approximation.

The ambient temperature at the Viking lander's locations was
measured for more than two Martian years at the height of 1.6 m
above the ground. The ambient temperature sensors consists of
chromel-constantan thermocouples. Again, these are short term
data and pertain to the two Viking locations. ,

In this paper we calculated the distribution of solar insola-
tion and report the ambient temperature: the two major climatic
components for photovoltaic system design. We do not report here
data on wind speed and direction, albedo and the effect of dust
on the output power of the photovoltaic panels. New information
about Mars may be forthcoming in the future from new analysis of
previously collected data, from new Earth-based observation, or
from future flight missions. The Mars climatic data for photovol-
taic system design will thus be updated accordingly.

SOLAR CELL ARRAY

The effect of temperature and insolation on the 1I-V char-
acteristic of a solar cell array can be related to empirically
observed properties of the type of solar cell used. The approxi-
mate (neglecting the shunt resistance) I-V equation of the solar

cell array is given by:



S T
V = —-IR_ + & gn/-BB 0 (2)
S A .Io

where Iph is the photocurrent, I, 1is the re?erse saturation
current, Rg the series resistance, I and V the array terminal
current énd voltage, A = q/AKT, q béing the electron charge, A
the completion factor, k the Boltzmann's constant and T the
absolute temperature. The solar cell array I-V equation as
function of the cell temperature T, at a given insolation level,

may be written as:

I.(T) - I + I (T)

- _TD 1 ph 0

Vv = IRS + AT Qn[ Io<T) } (3)
where _
Ip(T) = Iph(Tr)[l + a(T - To)] (4)
Tr

AT) = A(TI)T— (5)
I (T) =1 (T ) > plE - L (6)

o T CotTr\ T, exp T T,

where T, 1is a given reference temperature, and « and B are
coefficients corresponding to the given solar cells. For a con-
stant temperature and a variable insolation G, the photocurrent
is:

I (6) = I,(6.)0% (7)

ph ph'r Gr
where G, 1is a given reference insolation.

OPTICAL DEPTH
The most direct and probably reliable estimates of opacity

are those derived from Viking lander imaging of the Sun. Figures

1 and 2 show the seasonal variation of the normal-incidence of the



optical depth at the Viking lander locations VL1 and VL2, respec-
tively. The season is indicated by the value of Lg, areocentric
longitude of the Sun, measured in the orbital piane of the planet
from its vernal equinox (Lg = 0° and 180° corresponding to spring
and fall equinox for the northern heﬁisphere, respectively; and
Lg = 90° and 270° cofresponding to northern and southern summer
solstices, respectively). Figures 1 and 2 were derived from
references by Poilack {1,2] -and Zurek [3] and were discretized
for each 5°. As mentioned before, the optical depth is assumed
to remain constant th;oughout the day. Opacities are minimum dur-
ing the northern spring (Lg = 0° to 90°) and summer (Lg = 90° to
180°), and maximuh during southern spring (Lg = 180° to 270°) and
summer (Lg = 270° to 360°), the seasons during which most local
and major dust storms occur. When dust storms are not present,
the optical depth are typically about 0.5. Two global dust storms
occurred during the period of the observation as indicated by the
high values of the optical depth (lower bound values).
GLOBAL AND LOCAL DUST STORMS |

The intensity of Martian global and local dust storms is
defined in terms of opacity of the dust it raises. Global dust
storms are those which obscure planetary-scale sections of the
Martian surface for many Martian days (sols), whereas local dust
storms are less intense, and form and dissipate in a few days or
less. From the photovoltaic system design point of view, the
intensity, frequency, and duration of these storms may be viewed
as "partially cloudy" and “cloudy"” days for which additional

energy storage in the photovoltaic system must be taken into



account. The characterisfics of global and local dust storms are
listed below.
Global Dust Storms

(1) One, or occasionally two global dust storms of planetary
scale maf occur each Martian yeér. The duration may vary from
35 to 70 days or more. Although glbbal dust storms do not occur
every year, their occurrence is fairly frequent.

(2) Global dust storms.begin near perihelion, when solar
insolation is maximuml(southern spring and summer) in the southern
mid-latitude.

(3) The first global dust storm (1977) spread from a latitude
of 40° S to a latitude 48° N in about 5 to 6 days.

(4) The opacity during the global dust storm is greater
than 1.

Local Dust Storms

(1) Local dust storms cccur at almost all latitudes and
throughout the year. However, théy have been observed to occur
most frequently in the approximateﬂlatitude belt 10° to 20° N and
20° to 40° S, with more dust clouds seen in the south than in the
north, the majority of which occurred during southern spring.

(2) Based on Viking orbiter observations, it is estimated
that approximately 100 local storms occur in a given Martian year.

(3) Local dust storms last a few days.

(4) The opacity of local dust storms may be assumed about 1.

AMBIENT TEMPERATURE
Ambient temperaturefdata are needed for the determination of

the solar cell temperature, Egs. (3) to (6). In this section we



show yearly variation of the ambient temperature as well as diur-
nal variation of some particular Martian days. This information
was supplied to us by Tillman [4]. Figure 3 shows the variation
of the ambient temperature at Viking lander VL1 for part of the
first ye#r after landing. The top time coordinate (abscissa) has
units of sol number, the number of Martian solar days from touch-
down on sol 0 (1 sol = 24.65 hr). The bottom abscissa is the sea-
sonal date Lg. ' The diurnal ambient temperature variation at VL1
for sols 75 and 76 (summer), and sols 191 and 192 (autumn), are
shown in Figs. 4 and 5, respectively. The figures show large
(60°) diurnal ambient temperature variation. Figure 6 shows the
variation of the-ambient temperature of Viking lander VL2 for the
first year after landing. During dust storm events, the Martian
atmosphere is strongly heated up by absorption of solar radiation
due to the suspended dust. As a result, the maximum ambient tem-
perature decreases significantly while the minimum increases,
especially during the more intense 1977 B storm. The diurnal
ambient temperature variation for sols 285 and 286 at the time of
1977 B global storm is shown in Fig. 7. The variation in tempera-
ture is rather small (16°). For the less intense 1977 A global
storm, the diurnal temperature variation is larger (28°) as shown
in Fig. 8, for sols 177 and 178; and for a local storm, the diur-
nal ambient temperature variation is still larger (38°), as shown
in Fig. 9, sol 160.
SOLAR INSOLATION
The solar insolation on the surface of Mars is composed of

the direct beam and the diffuse components. The net solar flux




integrated over the solar spectrum, on the Martian surface was
calculated by Pollack [5] based on multiple wavelength and multi-
ple scattering of the solar rédiation. Derived data of this cal-
culation is shown in Table 1 by the function f£f(z,t) where the
parameters are the cosine of the zenith angle 2z and the optical
depth <. This table pertains to albedo of 0.1 but can be used
for higher albedo values to a first approximation. Using this
data we calculated the global solar insolation. We assumed that
the diffuse insolation is obtained by subtracting the beam from
the global insolation, and we further assumed isotropical Martian
skies.
The solar insolation components, on a horizontal Martian sur-
face, are related by: o
Gh = Gph + Gdh (8)
where
Gh global insolation on a horizontal surface;.
Gbh direct beam insolation on a horizontal surface; and
Ggn  diffuse insolation on a horizontal surface.
The diffuse insolation of the Martian atmosphere may be a result
of a different mechanism than that for the Earth atmosphere,
nevertheless, to a first approximation, we will apply Eq. (8) as
for Earth-terrestrial calculations. The beam insolations Gp
(Eq. (1)) and Gpn are related by:
th = Gb cos z exp(~t/m(z)) (9)

For zenith angles 2z < 70° one can approximate the airmass by:

m(z) = cos 2z (10)



The beam insolation at the top of the Martian atmosphere is given
by:

(11)
where

S 1is the solar constant at the mean Sun-Earth distance of 1 AU,
i.e., 8 = 1371 W/m?2; r 1is the instantaneous Sun-Mars distance

(heliocentric distance) given by [6]:

_ a(l — e2)
1 + e cos O

(12)

where a 1is the Mars memimajor axis, and e 1is the Mars eccen-
tricity, i.e., e = 0.093377; and 6 1is the true anomaly given by:

e

Lg — 248° (13)
where Lg 1is the areocentric longitude and 248° is the areocen-
tric longitude of Mars perihelion. The Sun~Mars mean distance in
AU units is 1.5236915, therefore, the mean beam insolation at the
top of Mars atmosphere is: 1371/1.52369152 = 59@ W/m2. The
instantaneous beam insolation is given by Egs. (11) to (13):

[1 + e cos(Ls - 248°)]2
' 2

G, = 590 -
(1-¢%

The following figures of solar insolation were calculated using

(14)

the Table 1 data and the mean insolation of 590 W/m2. Insolation
values for any desired seasonal data Lg are easily obtained
using Eqg. (14).

The global insolation G on a horizontal Martian surface is

obtained by:

f(z,t)cos z
(1 - b)

G, = 590

n (15)

10



where b 1is the albedo. The variation of the global insolation
Gn with optical depth < 1is shown in Fig. 10 for various zenith
angles (cos z).

The beam insolation Gpp on a horizontal surface is obtained
using'Eq; (9) for Gp = 590 W/m2,'and is shown in Fig. 11 as a
function of the optical depth with the zenith angle as a parame-
ter. The figure shows a sharp exponential decrease in insolation
with increasing .

The diffuse insolation Ggp on a horizontal surface is
-obtained from Eq. (8) for Gp = 590 W/m2, and is shown in Fig. 12
as a functionvof the optical depth with the zenith angle as a
parameter. The diffuse insolation has a sliding maximum with the
variation of the solar zenith angle.

CONCLUSIONS

The two major climatic components needed for photovoltaic
system design are the distributions of solar insolation and ambi-
ent temperature. These distributions for the Martian climate are
given in the paper at the two Viking lander locations but can also
be used, to the first approximation, for other latitudes. 1In
absence of long term insolation and temperature data for Mars, the
data presented in this paper can be used until updated data are
available. The ambient temperature data are given as measured
directly by the’temperature sensor; the insolation data (global,
direct beam, and diffuse) are calculated and believed to be pub-
lished for the first time. Additional insolation data, such as
daily insolations, can be further derived based on Table 1 and

the above expressions.

11
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TABLE 1. — THE FUNCTION f(2;t) FOR THE CALCULATION OF THE GLOBAL INSOLATION3

Cos z( 0.013 0.067 0.160 0.283 0.426 0.574 0.717 0.840 0.933 0.987
T
0.1 0.3407 0.5854 0.7456 0.8147 0.8470 0.8637 0.8730 0.8783 0.8813 0.8827
.3594 .2724 .3478 .5094 . 6432 .7261 . 7750 .8041 . 8215 .8313 .8365
1.0000 .2004 .2377 .3057 .4111 .5157 .5969 .6535 .6907 .7134 . 7251
2.1540 .1362 .1604 .1965 .2487 .3183 .3915 .4550 .5030 . 5351 .5523
5.9950 . 0547 .0643 .0778 . 0949 .1155 .1400 .1670 . 1929 .2137 . 2262
47.B. Pollack, private communication.
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