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PLANETARY METEOROLOGY

By George Ohring, Wen Tang, Joseph Mariano
and Gloria DeSanto
GCA CORPORATION
GCA TECHNOLOGY DIVISION
Bedford, Massachusetts

SUMMARY

The thermal equilibrium model for computing vertical temperature
profiles in the Martian atmosphere [1]* is expanded to include water wvapor
radiative processes. Calculations with this model show that the observed
small amount of water vapor in the Martian atmosphere (~10p percipitable
water) does not significantly affect the computed temperature profile.
For example, the Martian surface temperature is increased by only 1°K due
to the presence of water vapor. Thermal equilibrium calculations of the
mean surface temperature and mean vertical temperature profile on Mars
indicate that the temperatures are relatively insensitive to variations
in surface pressure and carbon dioxide abundance over the range repre-
sentative of current uncertainties in these parameters. Thus, even with
present uncertainties in surface pressure and carbon dioxide abundance,
it is possible to obtain good theoretical estimates of Martian surface
and atmospheric temperatures. The mean Martian surface temperature is
computed to be 216°K, indicating a greenhouse effect of 8°K, which can
be compared to a greenhouse effect of 35°K on Earth.

Two models for calculating diurnal variations on Mars are developed.
The first model is for calculation of diurnal variations of temperature
and includes radiative and eddy heat transfer in the atmosphere and molec-
ular conduction in the soil. A constant eddy mixing coefficient, K, is
assumed for the atmosphere. Calculations with K = 104 cm? sec™! indicate
that the diurnal range at a height of ~1.5 km is about 12 percent of the
surface diurnal range while at ~3 km it is about 3 percent of the surface
diurnal range. The second model is for calculation of the diurmnal vari-
ation of temperatures and winds. 1In this model K is variable, being a
function of height, wind shear, and Richardson number. Some preliminary
results of a partially successful computer run with this model are
presented.

*
Numbers in [ ] represent reference numbers.
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1. INTRODUCTION

This final report summarizes research performed during the past year
under Contract NASW-1574, Planetary Meteorology, with Headquarters, National
Aeronautics and Space Administration. Several problems relating mainly to
the meteorology of Mars were undertaken during the course of the year.
These included: (a) the effect of the small amount of atmospheric water
vapor on Mars on vertical temperature profiles computed with a thermal
equilibrium model, (b) the sensitivity of computed Martian temperatures
to present uncertainties in carbon dioxide abundance and surface pressure,
(c) the application of radiative transfer theory to the problem of theoret-
ically determining the thermal structure of a planetary atmosphere, and
(d) diurnal variations of temperature and wind on Mars. Except for item
(c¢), these studies and the results obtained are described in detail in
the remainder of this report. Item (c) in the subject of a technical
report [4] that has already been published under the contract; therefore,
only an abstract is included in the present final report.
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2. THERMAL EQUILIBRIUM CALCULATIONS
FOR THE MARTIAN ATMOSPHERE

2.1 1Introduction

In Ohring, et al. [1] results were presented on the seasonal and
latitudinal variations of the average surface temperature and vertical
profile of atmospheric temperature on Mars, as computed with a thermal
equilibrium model. The model atmosphere used for the computations had a
surface pressure of 10 mb, consisted of 60 percent (by mass) CO;, and
contained no water vapor. In reality, the Martian atmosphere does con-
tain water vapor, although in small amounts. Also, the surface pressure and
COy content are somewhat uncertain at the present time. In the present
study, the effectsof water vapor and the uncertainties in surface pres-
sure and CO2 content are evaluated with respect to the temperatures
computed with a thermal equilibrium model. To accomplish this, techniques
must first be developed for including infrared emission and solar absorp-
tion by water vapor in the thermal equilibrium model.

2.2 Expansion of Thermal Equilibrium Model
to Include Water Vapor

The requirements for thermal equilibrium [1,3] may be summarized as
follows:

(1) At the top of the atmosphere — A balance is required between net
incoming solar radiation and outgoing long-wave radiation.

(2) Within the atmosphere — For those layers in which radiative energy
exchange leads to a radiative equilibrium temperature lapse rate that is
less than a prescribed convective lapse rate, local radiative equilibrium
is assumed. For those layers in which radiative emergy exchange would lead
to a temperature lapse rate greater than the prescribed critical convective
lapse rate, a balance is assumed between the radiative energy loss and the
amount of convective energy required to maintain the critical convective
lapse rate.

(3) At the surface — A balance is required between the net radiative
energy gain and the convective energy loss. The convective energy loss is
equal to the amount of heat that must be transferred to the atmosphere to
prevent the formation of a super-convective lapse rate.

Thus, the thermal equilibrium model includes the effect of convective
processes — that is, the elimination of unstable layers — without dealing
with the actual dynamics of convection. The equations describing these
equilibrium conditions may be found in Ohring, et al. [1]. The thermal



equilibrium temperature profile is computed using an iterative procedure
based upon the initial value method of computing radiative equilibrium
temperatures.

The radiative rates of temperature change, which are required in the
model, depend upon two factors: infrared cooling and solar heating. Thus,
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where 6 is temperature. For computation of the infrared cooling rates, the
model of Rodgers and Walshaw [4] is used. The infrared cooling rates at
level z due to a spectral interval of an absorption band is given by

Z
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where z, the vertical coordinate, is given by z = /n ¢; ¢ = p/py, the ratio

of atmospheric pressure at level z to surface pressure; g is the gravitational
acceleration; cy, is the specific heat at constant pressure; B is the black-
body flux for tﬁe spectral interval; Z is the highest level considered; and

T is the transmission function for the absorption band.

Water vapor has two major absorption bands in the infrared — the 6.3u
band and the rotation band at wavelengths greater than 16u. For the low
temperatures in the Martian atmosphere, most of the blackbody energy is
found at the higher wavelengths. For example, at a temperature of 200°K,
only 2 percent of the enmergy is below )\ = 8u, whereas over 65 percent of the
energy is above A = 16u. Thus, for the calculations we may assume that only
the water vapor rotational band is of importance on Mars.

The transmittance for a spectral interval within the water vapor rota-
tional band may be written as [4]
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where & is the mean half-width of an absorption line along the atmospheric
path, k is the mean line intensity, m is the amount of water vapor in g cm”
along the path, & is the mean line spacing, and the factor 1.66 is intro-
duced as a multiple of m to approximate flux transmission.

Letting A = 1.66k/d and B = 1.66k/n, we have

, - \-%
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The mean half-width between two levels is obtained with the use of
the Curtis-Godson approximation.
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where g is the half-width at standard pressure, pg, and standard
temperature, Os; and 9 is a representative temperature of the Martian atmo-
sphere, assumed to be 200°K. The amount of water vapor between two levels
includes a correction, following Rodgers and Walshaw [4], for the effect

of temperature on line intensities.
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where w is the mass mixing ratio of water vapor, and
log, ©(6) = a(9 - 260) + b(9 - 260) )

where 6 = 200°K, a temperature representative of the Martian atmosphere.

The assumption of a constant temperature for the temperature correction to
both half-width and absorber amount simplifies the computations. The errors
introduced by this assumption are much smaller than the errors introduced
by uncertainties in water vapor mixing ratios on Mars.

For evaluation of Equation (2), dT/dz is required.
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The appropriate constants for the spectral intervals of the rotational
water vapor band are listed in Table 1.

The expression for the half-width, Equation (5), implicitly assumes
that Doppler broadening is negligible compared to Lorentz broadening. The
height in the Martian atmosphere at which Doppler broadening starts to
become important can be determined from the following equation (see
References 2 and 4).

yn ¥ exp[- y2(n - 1)] = 1 (13)

where y = aL/aD, the ratio of lLorentz half-width to Doppler half-width; and
n = kwps/ZHQL g. For the stronger spectral intervals, for example, No. 3,

and for a watér vapor amount of 10y precipitable water, which is equivalent
to a mixing ratio of 3.73 x 1073, 1 is about 3 x 103. From Equation (13),

this value of n leads to a value of about 0.04 for y. Since op is 5 x 107

cm~1 (4], a1, =2 x 1075 em™l. The pressure level in the Martian atmosphere
corresponding to this value of ap is

5

o -
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L 5 x 10
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For a Martian atmosphere scale height of 9 km and surface pressure of 10 mb,
this corresponds to a height of 29 km.

To evaluate Equation (2), expressions for B, the blackbody flux in a
spectral interval, are required. The blackbody flux in any spectral interval
may be written as

Y2 c1v3dv
B=nx f (15)
exp(c Z) -1
vy 209
where v is wavenumber, B, is the Planck intensity, ¢y = 1.1909 ergs cm-zsec-1
ster-l, ¢, = 1.4389 cm deg‘l, and 8 is temperature. With the substitution,
v = c2v/9, Equation (15) becomes
ncle4 V2 v3dv
B = 4 f -~ (16)
<, v -1
1



CONSTANTS FOR WATER VAPOR ROTATIONAL BAND [4]

TABIE 1

Spectral Spectral k/8 nao/é a b
Region Interval g-1 em? 1073 deg"1 1076 deg-?

1 0-40 579.75 0.093 -6.75 8.55

2 40-160 7210.3 0.182 -2.93 2.01

3 160-280 6024.8 0.094 1.43 -13.0

4 280-380 1614.1 0.081 9.59 -41.8

5 380-500 139.03 0.080 14.3 -23.7

6 500-600 21.64 0.068 15.2 -30.1




Equation (16) can be broken down to
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(see Reference 5).

The total infrared cooling due to water vapor is the sum of the cooling
rates in each of the spectral intervals computed from Equation (2). The
downward flux at the surface in the water vapor band is computed in a manner
similar to that used for COp [1] except that the appropriate transmissions
and blackbody energy for water vapor are used.

The heating of the atmosphere due to absorption of near infrared solar
radiation by water vapor is computed using Houghton's [6] method. The
average diurnal heating rate at a pressure level p is given by

/ dA
&%—S—) =E&cos ¥ r ZIO ap—g- (20)
s P y 2

where cos y is the average cosine of the solar zenith angle for the day,

r is the fraction of the day the sun is shining, Io, is the intensity of
solar radiation per wavenumber in the /-th absorption band, and A, is the
integrated absorption of the £-th band for the atmospheric column extending
from the top of the atmosphere to the pressure level p along a slant path
parallel to the solar beam, and the summation extends over the near infra-
red sbsorption bands of water vapor. Because of the small amount of water
vapor on Mars a weak band form for the integrated absorption applies.

A, = a,(m)® @1)

10



where p = p/2 (mb), and m is the water vapor path length in precipitable cm.
For a water vapor mixing ratio w, the water vapor path length is

m = Y Sec ¥ p 22)
where p is in mb.
R For dAz/dp, we obtain
—_— %
B, (110% ey 23
dp £\ 2 g )

The values of a, and Ip, at Mars mean distance from the sun for the
near infrared bands of water vapor are listed in Table 2 [6].

The solar flux reaching the surface is computed as in Ohring, et al.[1l]
except that the absorption of solar radiation by water vapor can now be
included. Thus,

_ — 3 )
Sg = (1 - A)r cos ¥ (%o -}:Ioz Agz ) @4)
, Y/ .

where S_ is the amount of solar radiation reaching the surface, A is the
Martian“planetary albedo, S, is the intensity of solar radiation at Mars'
distance from the sun, the subscriptg refers to the surface, and the summa-
tion is over the near-infrared bands of both carbon dioxide and water vapor.

These procedures for water vapor radiation effects were incorporated
into the thermal equilibrium computer program described in Ohring, et al.[1].

2.3 Effect of Water Vapor on Thermal
Equilibrium Calculations

Water vapor was first detected spectroscopically on Mars by Kaplan,
Minch, and Spinrad [7]. They detected weak absorption features near 8200
and derived an abundance of 14*7. of precipitable water. More recent
spectroscopic observations [8] yield typical amounts of water vapor of the
order of 10-20. precipitable water. Photometric observations have yielded
200u precipitable water [9] and, more recently, 45u precipitable water [10].
Thus the indications are that the average amount of water vapor on Mars is
between 10y and 100u with the most probable value closer to 10u.

11



PARAMETERS FOR NEAR-INFRARED ABSORPTION
BANDS OF WATER VAPOR [6]

R((atgjon a erg cm-2 szz-]’(cm.l)-1
6.3 150 3.03

2.7 81 12.6

1.9 40 20.4

1.4 20 28.1

1.1 2 31.0

0.9 2 31.2

12



The amount of water vapor in precipitable cm of water is given by

o]

\‘/“p dz
HZO

PW, = 2 25)

where py o is the water vapor demsity, and py is the density of liquid
water, 1 g em~3. If the water vapor mixing ratio is constant with alti-
tude, Equation (25) can be written as

w\/ﬁp dz
o

PW., = —mmm 26)

Pw

where p is the Martian atmospheric density, and w is the water vapor mixing
ratio, szo/o. With the use of the hydrostatic equation, we can obtain the

following expression for w.

(P.W.)g o,

w ~-——-12:—-- @27)

where po is the surface pressure. A value of 10u of precipitable water
corresponds to a mixing ratio of 3.73 x 10'5; 100u corresponds to
w = 3.73 x 1074,

To evaluate the effect of water vapor, calculations of the mean daily
vertical temperature profile were performed for 80°S latitude at the time
of the southern hemisphere summer solstice (b, solar declination, = -24°)
and for a surface pressure of 10 mb. A four-layer atmosphere computing
model is used. An albedo of 30 percent is assumed and a value of 0.269 for
(7-1)/7, where 7 is the ratio of the specific heat at constant pressure to
the specific heat at constant volume, is used. Five different experiments
were performed for various combinations of carbon dioxide and water vapor
abundance. The computed surface temperatures for these five experiments
are listed in Table 3. The first experiment indicates that a surface
temperature of 254.0°K is obtained without including water vapor. The
second experiment indicates the effect of 10u of precipitable water — an
amount consistent with the available observations. This amount of water
vapor increases the Martian greenhouse effect only slightly, the new surface
temperature being 254.5°K. 1In the third experiment, the assumed water vapor
amount is 100y precipitable water, or 10 times the observed amount. The
computed surface temperature is 255.5°K, only 1.5°K higher than in the pure

13




TABLE 3

COMPUTED MARTIAN SURFACE TEMPERATURES FOR VARIOUS
COMBINATIONS OF CO, AND HyO AMOUNTS

(LATITUDE -80°; SOLAR DECLINATION -24°)

Mixing Ratios

Computed
Experiment No. 002 H20 Surface Temperature
(°K)
1 0.6 0 254.0
2 0.6 0.373 x 1074 254.5
3 0.6 0.373 x 1073 255.5
4 0 0.373 x 1074 244.,9
3

5 0 0.373 x 10 245.7




COp case. These results indicate that water vapor plays only a minor role
in the Martian greenhouse effect, carbon dioxide playing the major role.
Experiments 4 and 5 show the surface temperature that would be obtained if
only water vapor contributed to the Martian greenhouse effect. The surface
temperature would drop some 10°K to about 245°K. This temperature is within
a degree of the radiative equilibrium temperature that Mars would have at
this location and time in the absence of any infrared absorbing molecules

in its atmosphere.

The vertical temperature profiles with and without water vapor also
show only small differences. 1In Figure 1 is shown a comparison between two
temperature profiles — one for carbon dioxide alone, the other for carbon
dioxide plus 100u of precipitable water. Although the temperatures in the
lower atmosphere are slightly increased by the presence of water vapor,
temperatures in the upper atmosphere are slightly decreased.

Figure 2 shows a comparison between a temperature profile computed
with both carbon dioxide and water vapor, and one for water vapor alomne.
With water vapor alone, the temperatures are about 10 degrees lower at all
levels.

These results indicate that water vapor plays only a minor role in
determining the surface temperature and vertical temperature profile on
Mars. Thus, the Martian seasonal and latitudinal temperature variations
computed by Ohring, et al. [1] would not be significantly changed by the
inclusion of water vapor radiative effects.

The Martian greenhouse effect is increased by only 1°K due to the
presence of water vapor. This is in contrast to the Earth's atmosphere
where water vapor plays the dominant role in producing a greenhouse effect
of about 35°K.

2.4 Sensitivity of Computed Martian Temperatures to Present
Uncertainties in CO2 Abundance and Surface Pressure

Despite the new information provided by the Mariner IV radio occulta-
tion experiment [11] and recent spectroscopic observations [12,13,14], the
surface pressure and carbon dioxide abundance on Mars are still somewhat
uncertain. A recent analysis of available observations [15] suggests that
the surface pressure is in the range 5 to 14 mb and the COp abundance is in
the range 55 to 70 m-atm. A question arises as to the sensitivity of computed
Martian temperatures to these uncertainties in input parameters. .In the
present study, we attempt to answer this question,

We have computed vertical temperature profiles using the thermal equilib-
rium model and computational techniques described in Ohring, et al.[l], as
modified for the inclusion of water vapor in Section 2.2 of this report, for
three model atmospheres representing a nominal mean surface pressure model,

15
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an upper limit surface pressure model, and a lower limit surface pressure
model. Both CO2 and HpO radiative effects are included and a four-layer
atmospheric model is used for the computations. All calculations are
performed for the mean annual condition of solar insolation on Mars and

for an albedo of 0.30. The computed temperature profile is thus a theoret-
ical estimate of the mean annual vertical temperature profile, or standard
atmosphere temperature profile, for Mars.

As the composition of a planetary atmosphere changes, so do such
thermodynamic constants as the ratio of specific heats, the adiabatic
lapse rate, and the molecular weight of the atmosphere. To separate the
effect of these changes on the temperature profile from the effect of
changes solely due to pressure and CO, abundance, two sets of calculations
were performed. In the first set, the surface pressure and COp abundance
were varied but the thermodynamic constants were assumed equal to those
of the nominal mean surface pressure model. 1In the second set, thermo-
dynamic constants appropriate to each of the pressure-composition models
were used. In both sets of experiments, it is assumed that nitrogen is
the other component of the atmosphere.

The physical models for the first set of experiments are depicted in
Table 4. 1In this table, p, is the surface pressure, m is the molecular
weight of the atmosphere, 7 is the ratio of the specific heat at constant
pressure of the specific heat volume, cp is the specific heat at constant
pressure, and I,y is the adiabatic lapse rate.

The computed temperature profiles for this set are shown in Figure 3.
They are quite similar, indicating that variations of CO, abundance and
surface pressure over the range currently associated with the uncertainties
in these parameters changes the greenhouse effect and thermal equilibrium
temperatures only slightly. The lowest surface temperature (215.4°K)
occurs with the 5-mb model, the highest (216.2°K) with the 12-mb model.
At upper levels, the temperature for the 5-mb model are a few degrees
higher than for the other models. Since the magnitude of the greenhouse
effect depends upon the product of CO, abundance and surface pressure, and
since the 5-mb model has the lowest value of this product, it is to be
expected that the surface temperature for this model would be less than
for the other models. To maintain a balance between incoming solar radi-
ation and outgoing thermal radiation at the top of the atmosphere, the
upper level temperatures for the 5-mb model must then be slightly higher
than for the other models. The major point, however, is the relative
insensitivity of the temperatures to the variations in COp abundance and
surface pressure. The computed surface temperature of 215°K, which repre-
sents the mean surface temperature of Mars, is in good agreement with the
mean surface temperature deduced from microwave observations: 220°K+15°K[15].

In the second set of computations, thermodynamic constants appropriate
to each of the pressure-composition models were used. The physical models
for the second set of computations are depicted in Table 5. The computed
thermal equilibrium temperature profiles are shown in Figure 4. Changes

18
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in the thermodynamic constants and molecular weight affect the adiabatic
lapse rate and the scale height of the atmosphere. Thus, the differences
in these three temperature versus height profiles are a result of both a
change in the magnitude of the greenhouse effect and changes in the adia-
batic lapse rate and atmospheric scale height. The surface temperatures
remain the same as those computed for the first set. The vertical profiles
differ somewhat more than they do for the first set due to the inclusion
of the appropriate adiabatic lapse rate and molecular weight for each
model atmosphere. But again, the major finding is the relative insensi-
tivity of the thermal equilibrium temperature profiles to variations in
model atmosphers for Mars that cover the range of present uncertainties
in surface pressure and CO, abundance.

Thes e results indicate that even with current uncertainties in €Oy
abundance and surface pressure, it is possible to obtain good estimates
of average Martian surface and atmospheric temperatures. Such estimates
are needed for design of space probes to Mars. If it were the other way
around — that is, if the vertical temperature structure was extremely
sensitive to variations in surface pressure and carbon dioxide abundance —
the engineering applications of theoretical estimates of temperature would
be limited.

It is of interest to compare the magnitude of the Martian greenhouse
effect, as computed from this thermal equilibrium model for mean annual
conditions, with the magnitude of the greenhouse effect on Earth. The
magnitude of the greenhouse effect may be defined as the increase in
surface temperature above its radiative equilibrium value in the absence
of an infrared absorbing atmosphere. On Earth, the average surface temper-
ature in the absence of an atmosphere would be 252°K. Largely due to pre-
sence of water vapor, in an amount over 103 greater than the Martian water
vapor abundance, a greenhouse effect of about 36°K is produced. Thus, the
observed average surface temperature on Earth is 288°K. On Mars, the
average surface temperature in the absence of an atmosphere would be about
208°K. The presence of carbon dioxide, in an amount about 30 times its
abundance on Earth, causes a greenhouse effect of about 8°K.

Another interesting comparison may be made between a temperature pro-
file computed on the basis of thermal equilibrium and one computed on the
basis of pure radiative equilibrium. Figure 5 shows such a comparison.
Both profiles were computed using the physical parameters of experiment 1
and are, therefore, representative of average conditions on Mars. The
surface temperature of the pure radiative equilibrium profile is only a
few tenths of degree higher than the thermal equilibrium surface tempera-
ture. At all levels in the atmosphere, however, the pure radiative equilib-
rium temperatures are lower than the thermal equilibrium temperatures. A
super-adiabatic lapse rate is present in the lower layers of the radiative
equilibrium profile. These differences are due to convection, which is
taken into consideration in the thermal equilibrium calculations but not
in the radiative equilibrium calculations.
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temperature profiles for Mars.
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In Table 6 are listed the magnitudes of the various terms that deter-
mine the surface temperature of the thermal equilibrium model for the mean
annual condition on Mars. It is quite obvious that the surface tempera-
ture is controlled by the solar flux reaching the surface. The convective
flux is almost two orders of magnitude less, and the total downward infrared
flux, Fi e almost one order of magnitude less, then the solar flux. On
Earth, the convective lux is about 1/5 of, and the downward infrared flux
about twice, the solar flux absorbed at the surface [16], a consequence of
the much greater greenhouse effect on Earth. On Mars, the downward infrared
flux due to water vapor is one order of magnitude less than that due to
carbon dioxide. On Earth, the situation is reversed and the downward flux
due to water vapor is greater than that due to carbon dioxide.

2.5 Conclusions

The small smount of water vapor on Mars plays only a minor role in the
radiative transfer of heat in the Martian atmosphere. As a result, the
surface temperature and vertical temperature profile are not significantly
changed by including water vapor in calculations with a thermal equilibrium
model. For example, the Martian surface temperature is increased by only
1°K due to the presence of water vapor. This is in contrast to the Earth's
atmosphere where water vapor plays the dominant role in producing a green-
house effect of about 35°K.

Thermal equilibrium calculations of the mean surface temperature and
mean vertical temperature profile on Mars indicate that the temperatures
are relatively insensitive to variations in surface pressure and carbon
dioxide abundance over the range representative of current uncertainties
in these parameters. Thus, even with present uncertainties in surface
pressure and carbon dioxide abundance, it is possible to obtain good esti-
mates of average Martian surface and atmospheric temperatures.

Compared to a greenhouse effect on Earth of about 35°K, the average
Martian greenhouse effect is computed to be 8°K. The downward infrared
energy flux at the Martian surface is almost one order of magnitude less
than the solar energy flux absorbed at the surface. On Earth, the downward
infrared flux is about twice the solar energy flux absorbed at the surface.
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TABLIE 6

MAGNITUDES OF TERMS IN SURFACE
HEAT BAIANCE EQUATION
(ergs cm=2 sec-l)

4
Solar oT Convective Fe Fi Fi
Flux Flux Co, H,0 tot
l.OXlO5 l.2x105 1.6x103 2.1x104 l.6x103 2.2x104
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3. RADTATIVE TRANSFER AND THE THERMAL
STRUCTURE OF PLANETARY ATMOSPHERES

The principal investigator was invited to present a review paper on
the above subject at the Survey Symposium on Radiation at the XIV General
Assembly of the International Union of Geodesy and Geophysics, September 25-
October 7, 1967, Switzerland. Most of the literature research required to
prepare this paper was performed under the current contract. The paper
reviews recent applications of radiative transfer theory to the problem of
theoretically estimating the mean surface temperature and mean vertical
temperature profile of the planets Earth, Mars, and Venus. It has been
published as a Technical Report, GCA-TR-67-18-N, under the current con-
tract and, therefore, is not included in this final report. An abstract
of this paper follows.

RADIATIVE TRANSFER AND THE THERMAL STRUCTURE
OF PLANETARY ATMOSPHERES

By George Ohring

ABSTRACT

The mean surface temperature and mean vertical distribu-
tion of temperature of a planetary atmosphere are, to a large
extent, determined by radiative processes. Given the basic
physical characteristics of the planetary atmosphere, such as
composition, surface pressure, and albedo, it is possible
through the application of radiative transfer theory, to com-
pute the temperature structure of the planetary atmosphere.
For the Earth's atmosphere the problem has been to determine
theoretically the mean vertical temperature profile from the
surface up to the thermosphere. An additional problem, re-
lated to climatic change, is the effect of changes in the
basic physical characteristics, such as composition or cloud-
iness, on surface and atmospheric temperatures. Application
of radiative transfer theory to the atmospheres of the other
planets have been aimed at deriving estimates of surface and
atmospheric temperatures on Mars and estimates of the green-
house effect on Venus. The theoretical models and results of
recent studies of these topics are reviewed in the present
survey paper.
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4., DIURNAL VARIATIONS ON MARS

4.1 Introduction

Earth-based infrared window observations of the thermal emission from
Mars indicate that the diurmal temperature variation of the Martian surface
is about 100°K [17]. This is five to tem times the diurnal temperature
range of the Earth's surface. The question arises of how much of this
diurnal range is imparted to the Martian atmosphere, and to what heights
it propagates. For if a large part of the surface temperature range is
propagated to heights of the order of kilometers, Martian meteorology
would be significantly affected. Associated with such large diurnal temper-
ature changes would be pressure variations and wind variations. 1Imn such a
case, the diurnal period would have the same significance as does the annual
cycle. This would represent a major difference from Earth, where the diurnal
period is only of consequence to small scale meteorological variations, which
are of concern to micrometeorologists who study the near surface atmosphere
but not to meteorologists concerned with the large-scale dynamics of the
atmosphere. Since there are no observations of the diurnal range of temper-
ature in the Martian atmosphere, one must attack the problem theoretically.

On Earth the diurnal temperature wave is propagated upwards largely
by an eddy conduction process, radiative processes being relatively unimpor-
tant. In such a conduction process, the amplitude of the diurnal wave
decreases exponentially with altitude. At a height of one kilometer on
Earth, the diurnal temperature range is negligible. On Mars, there are
theoretical indications that the diurnal temperature wave propagates to
higher altitudes. 1In a study of radiative relaxation times, Goody and
Belton [18] find that radiative processes in the Martian atmosphere are
extremely rapid compared to the Earth's atmosphere. As a result, they
suggest that radiative processes will cause a propagation of the diurnal
temperature wave to greater altitudes on Mars. They suggest a dual wave
pattern. One wave near the surface where eddy diffusion dominates; the
other wave away from the surface where radiation dominates. They indicate
that the entire Martian troposphere has an average diurnal variation of
20 percent of that at the surface.

The only other work on diurnmal variations in the Martian atmosphere
has been performed by Neubauer [19] and Leovy [20]. Neubauer assumes that
radiative transfer can be neglected and that the diurnal wdave on Mars is
propagated upward by an eddy diffusion process. 1In the light of Goody and
Belton's [18] results, this would appear to be a dangerous assumption. He
further assumes that the eddy diffusion coefficient, K, is only a function
of height and does not vary with time. For the K(z) dependence, he adapts
one used by Fisher [21] for the Earth's atmosphere. With this model, he
finds that the diurnal temperature range decreases to 1/5 of its surface
value at a height of 0.5 meters. Leovy includes both eddy diffusion and
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radiative transport in his calculations. The calculations, however, are
for a two-layer atmosphere and the eddy transport from the surface to the
lower layer can be represented by a convective term of the form

C = hAT

where h is a constant, and AT is the temperature difference between the
surface and the base of the lower layer, 5 m. The value of h was esti-
mated from the observed diurnal variation of temperature at the Martian
surface. Eddy exchange between the lower layer and upper layer is assumed
to follow a convective term of the form

C = h(aT -AEa)

where AT is the temperature difference between the two layers, and AT, is
the adiabatic temperature difference between the two layers. If AT is less
than AT,, h is assumed zero; if AT is greater than AT,, h is chosen to give
a characteristic adjustment time of 10 minutes. With this model, Leovy
finds that the diurnal variation decreases to about 1/2 of its surface
value at 5 meters and to about 1/3 of its surface value at 3 km. These
results are obviously quite different from Neubauer's,and the reasons for
the difference quite clearly must lie in one or both of the following
factors: (1) Neubauer's neglect of radiative processes; and (2) the differ-
ences in treatment of the eddy transport process.

In the present study, we shall develop two models for the calculation
of diurnal variations on Mars. Both include radiative and eddy transport
processes. The first model assumes that the eddy diffusion coefficient is
a constant; only the diurnal variations of temperature are computed with
this model. The second model assumes that the eddy diffusion coefficient
is a function of height, wind shear, and Richardson's number, and thus, is
variable in height and time, This model also includes a computation of
the diurnal variation of the wind. In the next section, we discuss the
first model.

4.2 Diurnal Variation of Temperature
(Constant K Model)

This section describes a model for computing the diurnal variation of tem-
perature in the atmosphere, on the surface, and in the subsurface layer on Mars.
It is assumed that atmospheric temperature changes are due to radiative pro-
cesses and eddy heat transfer processes in the vertical direction. The radia-
tive processes include emission of infrared radiation by the 154 band of CO;
and the rotational band of Hp0, and absorption of solar radiation by the near-
infrared bands of co, and H,0. For the eddy heat transfer process, it is
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assumed that, K, the coefficient of eddy heat transfer, is constant with
altitude and time. This latter assumption is not strictly correct but
serves as an approximation to the eddy diffusion process and permits the
effect of eddy transport of heat to be compared to the radiative transports.
At the surface of the planet, a balance of net radiation, eddy heat exchange
with the atmosphere and conductive heat exchange with the subsurface layer
is assumed. Temperature changes in the subsurface layer are due to con-
duction of heat, the thermal diffusivity of the Martian soil being assumed
constant with depth and time.

The equation for the rate of temperature change in the atmosphere is

%TE=<%>IR+<%IE>S+<%£>E (28)

where IR refers to infrared, S to solar, and E to eddy rates of temperature
change. 1Infrared cooling is computed by the method of Rodgers and Walshaw
[3] and solar heating by the method of Houghton [6], as described in Ohring,
et al.[1l] and in Section 2 of this report. The rate of temperature change
due to eddy heat transfer cam be written as

<§T€>E=§;[K<§§+r>] 29)

where z is height, K is the eddy exchange coefficient and I' is the adiabatic
lapse rate. For constant K, we obtain

, 2

a'r> @ OT

Ay gl | (30)
( ot E 822

In the soil only molecular heat conduction is operative and we have for
the rate of temperature change at any subsurface level

2
o’ O T :
) Gh

where the primes refer to soil parameters, k/ is the thermal diffusivity of
the Martian soil, and z/ is depth in the soil.

At the Martian surface, the following balance equation holds:
I

S 4F{ +H +G = oT 32
g g g B g 32)
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where the subscript g refers to the surface, S is the solar flux, Fi, is
the downward infrared radiation from the atmosphere, oT % is the infrared
emission by the surface, Hg is the eddy flux of heat be%ween surface and
atmosphere, and Gy is the flux of heat between surface and subsurface.
The eddy flux of heat can be written as

- o
Hg—pcpK<az+F>g (33)

where o is the atmospheric density and ¢, is the atmospheric specific heat
at constant pressure. The soil flux can be written as

p /
6, = o < k’.< 5—32—,->g (34)

where p is the density of the soil and ¢ is the specific heat of the soil.
The solar flux and downward infrared radiation at the surface are computed
as described in Ohring, et al.[1l] except that rather than using the average
value of the cosine of the zenith angle for the day, the zenith angle
appropriate to the particular time step is used in the computationms.

To perform the computations various input parameters are required. As
a model Martian atmosphere, we assume one with the following characteristics:
surface pressure, 9 mb; COp percentage by mass, 61 percent; HyO abundance,
10p precipitable water; mean molecular weight, 35.8; and albedo of 0.30.
For the Martian soil parameters, valuesof p/c’/ = 1.26 x 107 erg cm™2 deg'1
and k/ = 7 x 107 cm? sec”! are assumed. These soil parameters are the
same as those derived by Leovy [22] from an analysis of Sinton and Strong's
[17] observations of the diurnal variation of Martian surface temperature.
An eddy mixing coefficient of K = 10 cm? sec™! is assumed. This value is
typical of neutral conditions in the atmospheric boundary layer on Earth.
Temperatures are computed at 10 levels in the atmosphere, with 0.9-mb
spacing, and at four levels within the soil,with 2-cm spacing. The lowest
level within the soil, depth 8.0 c¢m, is assumed to have a constant temper-
ature, 210°K.

With this model, calculations were performed of the diurnal variation
of temperature at the equator for a solar declination of 0° (northern
hemisphere spring equinox). Figure 6 shows the computed diurnal variation
of temperature at the surface and the first two atmospheric levels. The
time coordinate is in Martian hours, with 1 Martian hour defined as 1/24
of a Martian day.

The computed surface temperature variation may be compared to the
observed surface temperature variation at the Martian equatorial region
measured by Sinton and Strong [17]. The agreement between the computed
surface temperatures and those observed by Sinton and Strong, which have
errors of perhaps five to ten degrees associated with them, is good.
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The diurnal range of temperature at 8.1 mb (~1.5 km) is about 12 per-
cent of the range at the surface; at 7.2 mb (~3 km) the diurnal range is
about 3 percent of the surface diurnal range. These values can be compared
to those that would occur if radiative processes had been neglected in the
atmosphere. In such a case, and with constant K, the diurnal wave would prop-
agate by a Fickian diffusion process. The ratio of the diurnal range
at height z to that at the surface can then be written as (see, for example,
Reference 23)

r(z) _  ~hz (35)

where

27 R
A= N//day x 2 x K ' (36)

For K = 104 cm2 sec-l, we obtain a ratio of about 1 x 10_4 at a height of
1.5 km, and about 1 x 1078 at a height of 3 km., This comparison indicates
that radiative transfer rather than eddy heat transfer is primarily respon-
sible for propagating the diurnal temperature wave to heights of one to
three kilometers on Mars.

The relative importance of radiation and eddy heat transfer can also
be ascertained from a comparison of the computed rates of temperature
change due to these two processes. Table 7 shows such a comparison for
mid-afternoon (3 p.m. local time). It is obvious that the radiative rates
of temperature change are at least one order of magnitude greater than the
rates of temperature change due to eddy heat transfer at all levels,

The diurnal temperature variation as computed with this model leads
to super-adiabatic lapse rates in the lowest three kilometers of the atmo-
sphere during the daytime hours. This is shown in Figure 7, where the
vertical profiles of atmospheric temperature are plotted for different
times during the day. Also plotted is the slope of the adiabatic lapse
rate. In a model in which K is variable, the presence of a super-adiabatic
lapse rate would lead to an increase in K. This would cause the diurnal
temperature variation to propagate to still greater heights. Thus, there
is a feedback mechanism between radiative effects and eddy heat transport.
This can only be simulated in a model in which K is permitted to vary.
Such a model is discussed in the next section.

4.3 Diurnal Variations of Temperatures
and Winds (Variable K Model)

4.3.1 TIntroduction. — 1In this section we develop a numerical model
for computing the diurnal variations of both temperature and wind on Mars.
As discussed in the previous section, the large diurnal variation of surface
temperature is propagated through the atmosphere by the combined effects of
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TABLE 7

RATES OF TEMPERATURE CHANGE DUE TO RADIATIVE
AND EDDY HEAT TRANSFER PROCESSES

Pressure Level Height ( %TE >Rad. < %TE )Eddy

(mb) (km)

(°K/day) (°K/day)
8.1 1.4 49 2.0
7.2 2.9 9.3 0.15
6.3 4.5 3.3 0.014
5.4 6.4 1.7 -0.0028
4.5 8.9 0.4 0.020
3.7 10.8 1.4 0.011
2.8 13.7 1.5 0.021
1.9 17.5 1.7 0.015

1.0 23.3 2.6 0.0083
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radiative transfer and eddy heat transfer. As a result of the diurnal vari-
ation of atmospheric temperatures, there will be a diurnmal variation of the
eddy momentum transport coefficient, K, since this coefficient depends

upon the thermal structure of the atmosphere. With a diurnal variation

of K there will be a diurnal variation of the winds. If the diurnal
temperature wave extends to high enough altitudes (of the order of kilom-
eters), a significant diurnal variation in horizontal pressure gradients
could take place. This would also cause a diurnal variation in wind.
However, in the present model we consider only the effect of the diurnal
variation in K on the winds and assume that the horizontal pressure grad-
ients are constant in time.

The major problem in the development of a realistic numerical model
of diurnal variations of temperature and wind on Mars is the proper choice
of the expressions for the eddy exchange coefficients for heat and momentum
transport. In the Earth's lower atmosphere, K varies by orders of magni-
tude in the vertical and over the course of a day. There is no direct
theoretical relationship between K and other physical parameters, which
would permit a determination of K fromfirst principles. However, for the
Earth's atmospheric boundary layer, semi-empirical expressions have been
derived relating K to vertical temperature gradient, wind shear, and height
above the surface. We shall make use of such expressions in the Martian
model., Since K is a function of both wind and temperature, and since wind
and temperature depend on K through the vertical eddy transport mechanism,
there is a complex interdependence among K, temperature, and wind.

It has been observed in the Earth's atmosphere that there is a thin
atmospheric layer adjacent to the surface in which the vertical momentum
and heat fluxes vary little (less than 20 percent) with altitude. This
layer is called the surface boundary layer or constant flux layer and its
thickness is of the order of 50 meters. Above the constant flux layer is
a transition layer, of the order of a kilometer in thickness, in which
both vertical eddy transport and the horizontal pressure gradients influ-
ence the wind. Above the transition layer is the free atmosphere in which
the effect of vertical eddy transport decreases and the horizontal pressure
gradient is the main factor controlling the wind. We shall make use of
this three-zone concept in the Martian model. However, because the radi-
ation fluxes on Mars vary rapidly with height in the lowest atmospheric
layer, the assumption of a constant heat flux layer is probably not justi-
fied. Therefore, we shall assume that the constant flux layer on Mars
applies to momentum but not to heat.

In addition to the three atmospheric zones, there is a subsurface
zone in which heat transfer takes place by conduction. The various zones
are illustrated in Figure 8. In this diagram z represents height in the
atmosphere, z/ represents depth in the soil, and the L's represent boundary
or interface levels of the various zones.
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Figure 8. Schematic diagram of the computational model.
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4.3.2 Differential Equations for Computing Temperature and Wind
Changes. — The differential equations for computing temperature and wind
variations in the Martian atmosphere and temperature changes in the soil
are as follows.

In the constant flux layer the equations are

E(xk&)=o ) (37)

EL- 0<z< L (38)

oz = "1

38 _ 08

e &( >+%+Q2z (39)
where K = eddy exchange coefficient (assumed to be the same for both

heat and momentum exchange),

= west-east velocity component,

= south-north velocity component,

= height,

= potential temperature,

1» Qo = rate of change of temperature due to solar heating and
infrared cooling, respectively.

O odN & B

In the transition layer and in the free atmosphere, the equations

are
du 19 19 u
3 = fv - B - + E 32 <DK §é> W (40)
v _ 1, 10 (g
Y fu - 5 8yi+ S 3%z QOK Sz Ll <z< L3 41)
B 19 36
E=5§EGKF L T T (42)
where p = pressure,
p = density,
f = Coriolis parameter.

It can be seen from the above equations of motion that the advective
terms are assumed to be negligible. It is also assumed that the pressure
gradients do not change with time.
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In the soil the only equation is the heat conduction equation

. E) 1yse <0 @

where T/
KI

soil temperature
thermometric conductivity of soil on Mars.

The expression for eddy heat transfer exchange coefficient K for the
constant flux region (0 < z < L1) is adopted from Yamamoto and Shimanuki's
[24] work for the Earth's atmosphere. For

1
unstable conditions: K = (kz)2 %g'[l + (0|Ri|)ﬂ (44)
L 0 <z <L,
. 2 du B NP »
stable conditions: K = (kz) Py 1+ (0|R1|) - (45)
where k = Von Karman constant = 0.4,
z = height,
U = (u2 + v2)35 s
o =15,
P, = 1/6: 2
de du
Ri = Richardson number = & ——// -— ,
6 dz dz
L, = modified stability length.

The quantity L, a function of the eddy flux of heat, can be determined by

an iteration process through the following relation, if Ri and z are known.

(2/1) .

U]Ri] = 7
\/71 - (0|Ri|)% (L, /2)P

(46)

Now we can determine K for any given height in the constant flux layer. For
the transition layer (L] < z < L,), K is assumed constant with height and
equal to the value of K obtained at the top of the constant flux region L;.
For the free atmosphere (I < z < L3), K is assumed to decrease linearly
with height to a value of zero at L3.
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4.3.3 Boundary Conditions. — The required parameters at the boundaries
are evaluated as follows. At the lower boundary of the subsurface region,
L.1, it is assumed that the temperature is constant. At the surface, the
wind components are equal to zero and the surface temperature Qg is deter-
mined by the following balance equation

H +Fi+S4+G =agg? 47)
g 8 g g g

where H, is the heat flux from the atmosphere tothe surface by eddy diffu-
sion, Fgl is the downward infrared flux at the surface, S_J is the solar
radiation reaching the ground, G, is the heat flux from tﬁe subsurface to
the surface by molecular conduction, and o is Stefan's constant. The heat
fluxes comprising the surface balance equation are determined from the
following expressions

- T
Hg = ec, K ( S+ Tag >g (48)
1
Fg¢ = Jf JF Bv dTv dv (49)
AV T kop)

where the integration over wavenumber v is preformed over the 15u COp band
and the H,0 rotational band, and Ty (top) represents the transmission from
the top of the atmosphere to the surface.

I

5.4 = —3,_‘1 cos § (1 - A)(1 - E)) (50)-
R

G, = o Kf<%'£i> (51)

g

where p/ is the soil density and ¢’/ the soil specific heat.

At the boundary between the constant flux layer and the transition
layer, 1, the wind components and derivatives of the wind are assumed
continuous across the boundary. At the top of the free atmosphere region,
Ly, the boundary condition is specified by the temperature rates,

Lo g +q, (52)
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where Q; and Q, are the rates of change of temperature due to solar heating
and infrared cooling, respectively. For the top of the free atmosphere,
these rates are not computed directly but are extrapolated linearly with
respect to pressure from the levels below. The wind at the top of the
atmosphere is assumed to be constant with time and equal to the geostrophic
wind (u = ug; v = Vg) at that level.

4.3.4 Numerical Methods. — With the use of an iterative procedure,
the equations are solved numerically using unevenly spaced levels in the
vertical direction in the atmosphere and evenly spaced levels in the soil.
The Martian day is divided into a finite number of intervals of equal
length,

t/
Lt = = (53)

where t/ is the length of the Martian day, and n is the number of intervals.
With a given temperature and wind profile at time t = 0, a temperature pro-
file and wind profile for time t = At, is computed. This process is repeated
continually until the difference in temperature for a given local time in

two successive days is less than some prescribed value, €

o(t) - 6(t + t’) < e . (54)

In describing the numerical procedures we shall make use of the
following notation

u§n) (k]

where u refers to a parameter such as temperature or wind, j refers to the
j-th level in the vertical direction (j increases upwards in the atmosphere
and downwards in the soil), n refers to the n-th time step, and k refers to
the k-th interation within the n-~th time step. For the finite difference
analogs of the time rate of change of 1 due to diffusive effects (eddy
transport in the atmosphere, conduction with the soil) we use the implicit
difference equation

(1) (n)
34 T M
2 AN o

(n) _  (n-1) (n+1)
My M ) 6(K6u)j .
Ot Az2

(55

1
N

Since for a given time step (nt+l), information for two previous times (n,n-1)
are required, two initial profiles are needed to start the computations.
Thus, for the first time step, we simply use the explicit difference equation

@) _ (1) (1)
My M ) 6(K6u)j

At
A‘22

(56)
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where the superscript 1 refers to the beginning of the first time step
(initial time) and the superscript 2 to the end of the first time step or
beginning of the second time step. Hence, for the subsurface levels (see
Equation 43), where K is a constant and the levels are equally spaced, the
temperature at the end of the first time step is

PP (R P ed) . e

For the transition layer and free atmosphere, where the levels are
not equally spaced, we obtain from the finite difference analog of Equa-
tion (40)

S @ () (1{>
L@ _ u§1) . Ar f\,ng) ) <1§2> Piry ity U1
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°3 (zj' Zj-lxzj#{ zj-z)

where j+% refers to the level midway between levels j and j+1. A similar
equation may be derived from the v component from Equation (41).

For the entire atmosphere, we obtain from the finite difference analog
of the temperature equation (42)
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The winds in the constant flux region are computed from the finite
difference analogs of Equations (37) and (38). Thus,
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where Fx is the constant flux in the x direction, and
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where F_, is the constant flux in the y direction. The values of these
fluxes are computed from the first layer of the tramsition region. Thus,
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The surface temperature at n=2 is obtained from the surface balance
equation (47), as follows
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Since Féz), Héz), and Géz) all depend onthe surface temperature, a first

guess of the magnitudes of these terms is calculated from extrapolations
of the atmospheric temperatures and soil temperatures to the surface.
Thus, for the atmospheric eddy flux at the surface,
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where subscript 1 refers to the surface level, subscript 2 to the first
level above the surface, T, is the surface temperature that is obtained
from downward linear extrapolation of the atmospheric temperatures com-
puted at levels 2 and 3, K )/2 is the average eddy exchange coefficient
of the first atmospheric layer (since Kj = 0). Similarly, for the soil
heat flux,
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where Ty is the surface temperature obtained from upward linear extrapola-
tion of the subsurface temperature.

With these estimates of H (2), G (2), and a similar one for Fg*(z), a
first approximation, Tg 2)[1] is obtained for the surface temperature
from Equation (64). T 2)[1] is now used to recalculate the surface heat
fluxes that depend on it and a second approximation T (2)[2] is obtained.
The process is iterated until Tg(z)[k + 1] - T (2)[k]"is less than a
prescribed value. &

Atzthiszstagezwe have two complete initial profiles [9(1),u(1),v(1)]
and [8( ),u( s V ]. For all following time steps (n+ 1 = 3, 4, 5...),
the diffusion type equations are approximated by the implicit difference
scheme Equation (55).

The difference equation for heat conduction in the soil is then
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where the primes have been omitted from soil temperatures to simplify the
presentation. This equation can be transformed to
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Richtmeyer [25] shows how an equation of the form of (68) can be
transformed to

T.=E. T + F (72)
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where superscripts (ntl) on the T's have been omitted for clarity of
presentation, and

A
E. = (73)
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E. and F; can be calculated inductively in order of increasing j,
startifig with the boundary condition at the surface level (j=1) where we
have

T1 = E1 T2 + F1 Tl[lj (75)
and, hence,

E, = 0 and F, = Tl[l] . (76)

T1[1] is a first estimate of surface temperature based upon
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With E;: and F; calculated, T: is calculated from Equation (72) starting
at the lower “boundary of thé soil layer where T is a fixed constant and
progressing upward in order of decreasing j.

For the eddy transport of heat in the atmosphere, a similar scheme is
used. To the temperature change due to eddy heat transport is added the
radiational temperature change. Thus, for the atmosphere,

o) _ <e§n+1) + @hHat

where <6§n+1) is the temperature that would be produced by eddy
Eddy
heat exchange and(Q?)Ax is the additional temperature change due to radi-

ational processes. In the calculation of 9§n+1) ’ K(e) is used.
Eddy
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For the wind at time step (m+l), n =2, 3, ..., in the transition
region and free atmosphere, the implicit difference equation corresponding
to Equation (40) is
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we can transform Equation (78) to
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Equation (82) is solved with the use of Richtmeyer's [25] technique,
subject to the boundary conditions at the top of the free atmosphere, u = ug,
and the boundary condition at the base of the transition layer,
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A similar procedure applies to the v component of the wind.

(83)

The winds in the constant flux layer and the surface temperature
for all time steps are computed with the same procedures described pre-
viously for the first time step.

All radiational terms are computed using the methods described
in Sections 2 and 4.2.

4.3.5 Input Parameters. — There are a number of input parameters
for the model. These include latitude, solar declination, solar isolation
at the top of the Martian atmosphere, and planetary albedo; specific heat,
molecular weight, CO2 and H20 mixing ratios, surface pressure, and adia-
batic lapse rate of the atmosphere; specific heat, density, thermal dif-
fusivity of the Martian soil; the thicknesses of the constant flux region
and transition region, and the number and spacing of the levels in each of
the atmospheric regions; the number of levels and the temperature at the
lowest level of the Martian subsurface region; the initial wind and temper-
ature profiles; and the time step and convergence criteria.

Most of these parameters are known or can be estimated. However,
there are two parameters that are really unknown for Mars, and those may
significantly affect the results of any computation of diurnal variatioms.
These are the thickness of the constant flux layer and the thickness of the
transition layer. A series of computations in which these two parameters
are varied can be performed to determine the sensitivity of Martian diurnal
variations to their choice.

4.3.6 Test of Computational Model. — Preliminary experiments with
different time steps indicated that a time step of five minutes would yield
no instabilities. These experiments were conducted with nine atmospheric
levels (including the surface).

A run was then attempted to calculate the diurnal variation of
temperature and wind at 40° north latitude at the time of the northern
hemisphere winter solstice. The other input parameters for this run were:
planetary albedo, 0.30 ; solar insolation at top of the atmosphere,
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7.22 x 105 erg cm-2 sec_l; ¢, = 8.58 x 106 erg g-l deg-l; COy percentage
by mass, 61 percent; HoO mixing ratio, O; surface pressure, 10 mb;
molecular weight of the atmosphere, 35.8; adiabatic lapse rate, &4.35°K/km;
specific heat of soil, 1.26 x 107 erg g‘i; soil density, 1 g cm-3; thermal
diffusivity of soil, 7 x 1073 cm” sec-l; temperature of lowest level of
soil, 210°K; time step, 5 minutes; and surface temperature iteration con-
vergence criterion, 1°. The initial atmospheric and soil profiles are
shown in Table 8. Also shown in Table 8 are the fixed pressure gradients
computed from the geostrophic wind equation applied to the initial winds,
and the separation of the various regions of the atmosphere. The initial
wind profile is derived from interpolation and extrapolation of the winds
computed by Leovy and Mintz [26] for this latitude and time of year in
their numerical general circulation experiment for Mars. Thus, their

wind profile and the horizontal pressure gradient associated with it
should be representative of the large-scale flow. The calculations

should reveal the diurnal variations about the large-~scale flow that is
introduced by a diurnally varying eddy mixing process.

The calculations were started at 9 a.m. local Martian time and run
for twenty-four hours, or short of a full Martian day of twenty-four hours,
thirty-seven minutes. The calculations ran smoothly until about 4 p.m. in
the afternoon. At this time an unstable oscillation developed in the eddy
mixing coefficient and in the winds, Preliminary analysis of the cause
of this oscillation suggests that it is due to the change in formula used
to compute the eddy mixing coefficient when the Richardson number changes
from negative to positive, or from unstable to stable conditions [see
Equations (44) and (45)]. The change in formula leads to a discontinuity
in the eddy mixing coefficient from one time step to the next. This dis-
continuity apparently leads to the unstable oscillation. Further analysis
of this instability will be performed.

The temperature variation at several atmospheric levels up to the time
that the instability arose is plotted in Figure 9. Also shown in Figure 9
is the computed surface temperature for the entire twenty-four hour run;
the surface temperatures after 16 hours are uncertain because of the
oscillation in K at that time and are, therefcre, shown as a dashed line.
The lag in the time of maximum temperature with height is evident in the
curves. The computed eddy mixing coefficients during the time period
9 to 16 hours were of the order of 102 cm? sec-”

Also obtained for the first seven hours of the run are the u and v
components of the wind and the subsurface temperatures. At the present
time, these results are still undergoing analysis. However, preliminary
analysis suggests that the treatment of the constant momentum flux boundary
condition at the interface between the constant flux region and the transi-
tion regian can be improved. There is also apparently an error in the v
component computations, whose source is, at present, undetermined.

The problem areas discussed above will be thoroughly analyzed before
proceeding with further computations with the variable K model.

49




mnoH X 1°¢t+ o:oH X G°¢g- 0°9 0°00T el 000°0C¢ OT°I
<0 . . ] c ; aaaydsowly
w10ﬁ 0°z- ouOA X 9°9- ¢ 0- 0°Ly 139§ 000" L €0°S o914
m-OH X G6'1- ouoH X0°9- 8°0- 0°1¢ 691 000°‘€ LS L
N:Oﬂ X g°¢ oaoH X L°G- I°1- 6°%¢ 081 08¢ 06°6
01¢ 8 mnOH X 8°%- onoH X 9°¢- 1°¢ 1°11 181 0%t 1L°6 uoT3jIsuel]
961 9 mnoH X g1~ nnoa X L°y- 9°0- 1°¢ 181 GE L6°6
161 K4 mnoa Xe'l- nnoH LA 9°0- 6°1 281 T 86°6
] - ] . vm:.ﬁ.m
(81 [A 60 L°1 %81 <l 66°6 Jue3suo)
c61 0 0 0 c61 0 0°01
1) (wd) AMIEU saudp) AMnEu saufp) AHsowm w) Aﬁnomm w) (1,) (w) (qu) uo180Y
L y3dag xp/dp &p/dp A n 1 z d
TI0S TITHISORLY
FDILSTOS WAINIM TYAHASIWAH NYFAHIMON ‘N,0% FANLIIVI IV SYVW NO SNOILVINVA TVNEAIA 40
NOLIVINYIVO ¥0d SINAIAVED TANSSTYd QEXII NV ‘STITJ0¥d TIOS ANV OTYHIHdSORLY TVILINI
o
[Ta}

8 d14VlL




€e

‘(%72 + fuorleurOep IBIOS {N,O% ‘OpPn3T3TI) -uni [ejuswiaadxe Jo sianoy aInoj-£jusml 103
20BJINS J® pUB SANOY UIA3S 3ISATI I0J STSAI] o1iaydsowre [BISA3S JB SUOTIIETIRA 2anjeiadwa]

(s:4) 3INIL
i€ 62 L2 G2 14 12 6l

A

Sl

el

*6 @and1g
‘WY
6

—

/
4

/

i I | [ [ 1 _

grm—

—— e a——
——— —
—
— ——
—
—
[ -
—
—~—
—
-

] | l 1 | ] |

|

_

|

oci

—Jovi

— 09!

27044ng

o8l

—002¢

—022

JO¢N

09¢

S0S- 191V910

(Mo) IHUNIVHILdWAL

51



4.4 Concluding Remarks

A constant K model for computing the diurnal variation of temperatures
on Mars has been developed. The model includes both radiative heat transfer
and eddy heat transfer in the atmosphere and conduction within the soil.
Calculations were performed of the diurnal temperature variation at the
Martian equator at the time of the northern hemisghere spring equinox. An
atmospheric eddy mixing coefficient, K, of 10% cm® sec”™* was assumed. The
results indicate that the diurnal temperature range at ~1.5 km is about
12 percent of the surface diurnal range while at ~3 km it is about 3 per-
cent of the surface diurnal range.

The development of a variable K model for computing diurnal variations
of atmospheric temperatures and winds, and diurmal variations of surface
and subsurface temperatureson Mars has been described. 1In this model the
eddy mixing coefficient is computed from a semi-empirical formula relating
K to height above the ground, wind shear, and Richardson number. The model
also assumes an atmospheric constant flux layer adjacent to the surface in
which the flux of momentum is constant with altitude., The results of test
computations with this model indicate several problem areas, which are
still undergoing analysis at this writing.
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