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STUDY OF THE AVERAGE VERTICAL DISTRIBUTION

OF TEMPERATURE IN THE MARTIAN ATMOSPHERE

By George Ohring and Jeseph Mariano
GCA Corporation

SUMMARY - e
27485
Theoretical computations of the vertical distribution of temperature
in the Martian atmosphere are performed with the use of a combined convective-
radiative equilibrium model. The model assumes that the Martian troposphere
is in convective equilibrium and the Martian stratosphere is in radiative
equilibrium. The height of the tropopause is a by-product of the computations.
Computations are performed for several physical models of the Martian atmos-
phere to allow evaluation of the effect of present uncertainties in such
parameters as carbon dioxide content, surface pressure, tropospheric lapse-
rate, surface temperature, water vapor content, and distribution of absorbing
gas with height. On the basis of these calculations, a tentative model of
the average vertical distribution of temperature in the Martian atmosphere
is suggested. This temperature profile is based upon computations with an
assumed surface pressure of 25 mb, carbon dioxide amount of 55 m STP, water
vapor amount of 10-3 prec. cm, adiabatic lapse-rate in the troposphere, and
surface temperature of 230°K. It is characterized by a tropopause at a
height of about 5 km and an upper stratosphere temperature of about 145°K

above 45 km.
. (Dm&fﬁ/\} ‘

INTRODUCTION

This final report covers research performed during the past six months
on the average vertical distribution of temperature in the Martian atmosphere.
The objective of this study is to derive estimates of the average vertical
temperature profile. Since available observational indications of temperature
refer only to the surface of the planet, the problem of estimating the vertical
temperature structure must be approached theoretically. In thc present study,
a combired convective-radiative equilibrium model is used to compute the
temperature profile. Atmospheric composition and surface pressures are bosed
upon the recent observations of Kaplan, et al. *[1]. The Martian troposphere
is assumed to extend to that height - the tropopause - above which radiative
equilibrium leads to a stable lapse-rate. Thus, the Martian stratosphere is
assumed to be in radiative equilibrium and to have a stable lapse-rate. A
similar model [2] has been applied to the earth's atmosphere; the resulting
temperature distributions are in good agreement with the observed temperatures.
Thus, application of this model to the Martian atmosphere provides a reasonable
basis for estimating the average vertical distribution of temperature.

% .o
Numbers in [ ] throughout text indicate reference numbers.
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BACKGROUND

The concept of using a convective-equilibrium troposphere and
radiative-equilibrium stratusphere model to determine the variation of
temperature with altitude in the fdartian atmosphere is not new. On the
basis of a rough computation of the thickness of a troposphere in adia-
batic equilibrium, Hess{3] estimated the height of the Martian tropopause
to be about 45 km. With the assumed surface temperature of 2730K, the
temperature at the tropopauvse is about 113°K. By assuming radiative-
equilibrium for the upper atmosphere and a grey absorbing atmosphere i.
which absorption of solar radiation is negligible compared to absorption
of infrared radiation, he computed a temperature of about 170K for the
top of the atmospnere. Thus, Hess's computations su%gested that the
temgerature decreases at the adiabatic rate from 273 K at the surface to
1137K at the cropopause (45 km), increases with altitude from 45 km to
60 or 7C km, and then remains constant at a value of 17OOK. Goody [4],
using a theoretical model atmosphere characterized by adiabatic equili-
brium in the troposphere and radiative aquilibrium above, obtaiued a
tropcrause height of 8.5 km for an atmosphere with 2% by volume carbon
dioxide, and 25 km for an atmosphere with 10°“ cm of precipitable water,
In these computations absorption of sclar radiation was neglected, and a
surface temperature of 270%K and pressure of 85 mb were assumed. In the
carbon dioxide model, the temperature decreases with altitude above the
tropopause co about 134°K above 30 km. 1In the water vapor model, the
stratospheric temperature decreases very little with altitude.

In a highly paramecerized theoretical model, Ohring and Cote [5]
investigated the variation of the height of the tropopause with diffarent
assumptions on atmospheric composition, fcopospheric lapse-rate, and
surface tempervature., The theoretical model assumed a linear lapse-rate
in the troposphere and isothermal conditions in the stratosphere. The
height of the tropopause was determined from the condition that the rate
of radiational temperature change at the tropopause level be zero - that
is, from a condition of local radiative equilibrium at the tropopause
level. The result: of these computations are shown in Table 1. With
carbon dioxide, at a volume percentage of 2%, as the only absorbing gas,
the tropopause ic located at 10 km. With 10'2_cm of precipitable water
vapor as the only absorbing gas, the tropopause Leight is at 14 km. With
both gases present, the troprpause height varies slightly from 12 km to
13 km as the surface temperature varies from 243°K to 283°K. 1If a
tropospheric lapse-rate of 2.59K/km is assumed rather than the adiibatic
value of 3.7°K/km, the tropopause height is increased by about 4 km.

All computations were made with a surface pressure of 85 v and with the
assumption of negligible absorption of solar radiation. Although the
model is highly parameterized, the variations of tropopause height wvith
variations in atmospheric composition, surface temperature, and tropos-
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pheric lapse-rate are probably qualitatively correct.

Because of the need for engineering model atmospheres for Mars,
several investigators have suggested various mean and extreme temperature
profiles. These profiles are based largely on assumptions of surface
temperature extremes, tropopause heights, exospheric temperatures, and
analogy with the earth's atmosphere. For example, Schilling [6] con-
structed three tempecature profiles based upon surface temperatures of
200°K, 250°K, and 300°K, and corresponding tropopause heights ranging
from 26 km to 10 km. As we shall see later, the height of the tropopause
actually increases with increasing surface temperature. Adiabactic con-
ditions in the troposphere and isothermal conditions in tle stratosphere
were assumed, Schilling also suggested a conjectural temperature profile
for the Martian atmosphere. This model is *ased essentially upon specu-
lation on the possible role of ozone un th: Martian temperature profile
and on analogy with the Earth's atmosphere. In this model, the Martian
tropopause is located at 4 km. Above the tropopause, the temperature is
constant up to an altitude of 40 km, where it increases to 300°K at 100 km,
Aside from the fact that ozone has not been detected in the Martian
atmosphere (the observed upper limit for oxygen is only 70 cm STP [17,
which suggests a negligible amount of ozone - if any), Schilling's estimates
of its effect on the temperature structure are purely qualitative. In a
similar fashion, Evans and Wasko [7] have presented mean and extreme
models of the atmospheric temperature structure on Mars. To a large
extent, these are based upon assumed surface and exospheric temperatures,
qualitative theoretical reasoning, and analogy with the Earth's atmosphere.
These engineering models and others developed by the Jet Propulsion
Laboratory and the NASA Manned Spacecraft Center have been summarized by
Levin, et al. [8].

Using the convective-equilibrium troposphere and radiative-
equilibrium stratosphere model, and procedures to be cutlined in the next
section, Ohring [9] computed the avarage vertical temperature aistribution
in the Martian atmosphere for a surface temperature of 2309K, surface
pressure of 85 mb, adiabatic lapse-rate in the troposphere, and 2% by
volume COp content (36 m STP). Atmospheric absorplion of solar radiation
was neglected. The resulting temperature profile was charactervized by a
tropopause at about 9 km and a stratosphere with temperature continuously
decreasing with height.

Recent observations by Kaplan, et al. [1] indicate higher carbon
d.oxide amounts and .ower surface pressures on Mars than previously
observe.. In addit. a, these observations were the first in which water
vapor was detected in the Martian atmosphere. It was, therefore, thought
desirable to compute the vertical temperature profile using this new in-
formation. In addition, it was thought desirable to perform computations




for differeat combinations of surface pressure and carbon dioxide content,
surface temperatures, and tropospheric lapse-rates, and also to include
the effect of atmospheric absorption of solar radiation on the temperature
prcfile. The theoretical and ohysical models, and the results of such
computations are discussed in the next few sections.
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THEORETICAL ORMULATION -

Convective~-Radiative Equilibrium Model

It is assumed that the most important processes controlling the vertlical
temperature profile in the Martiam ztmosphere are radiation aund convection.
If information is available on the composition of a planetary atmosvchere,
it is possible to determine the radiative equilibrium temperature profile
for that atmosphere. For an atmosphere such as Mars' or the Earth's, the
radiative equilibrium profile is characterized by super-adiabatic lapse-
rates in the iowe.t layers. Such a temperature distribution is not stable;
in the real atmosphere convection takes place and modifies such a rempexa
ture distrioution. The effect of convection is to produce a convective-
-equilibrium lapse-rate in the lower layers of the atmosphere. +.. the Earth's:
atmosphere, in which water vapor condensation takes place, the lapse-rate
that i5 established in the lower layers is closer to the mcist adiabatic
lapse-rate thar to the dry adiabatic lapse-rate. 1In the Martian atmosphere,
in which water vapor is scarce, the lapse-rate that is established may be
ciose to the dry adiabatic lapse-rate. it is pessible to account for this
effect of convection in theoretical calculations cf the vertical temperature
distribution. Rather .than computing a pure radiative equilibrium temperature
profile, one computes a temperature profile that is characterized Ly fwo-
layers: a lower layer or troposphere in which the lapse-rate is equal to
the convective lapse-rate, and an upper layer or stratosphere thkat is .in
radiative equilibrium and in which the lapse-rate is stable.

The concepts discussad above can be carried out as follows. Starting
with an iritial 1sothermaL atmosphere whose temperature is equal to the
average Martian surface temperature,. one computes the radiational tempera-
ture change rates as a function of altitude. These rates are. then applled
‘to the injtial temperature profile for a unit time step to obtain a new
temperature proflle This process is continued until a temperature profile
is obtained for which the ra diational rates of temperature change are negli-
gibly small. At each stage of the calculations, however, the temperature
profiles are checked for instubility; if any layer has a lapse-rate greater
chan the ccenvective lapse-rate, the temperztures are brought back to the
convective lapse-rate prior to the next calculation of radiational rates of °
temperature change. Throughout the computatioms, the surface temperature is
held constant. Within the limits of the thecretical formulation, the .final
temperature proflle obtained from such calculations should be representative
of actual conditiens in the Martian atmosphere. -
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Infrared Cooling

Infrared cooling rates are determined from the divergence of the net
flux of infrared radiation with height, as computed with the aid of
Blsasser's - [10] radiation tables. A sample calculation, described in
Section 5, comparing carbon dioxide and .water vapor cooling rates, suggzests
that- infrared cooling ir the Martian atmosphere-is controlled by carbon
dioxide. Thus, only the 15u carbon dioxide band is considered in the infra-
red cooling computations.

Following Elsasser's (1960) notation, the upward and downward fluxes
- of radiation at any reference level can be written as

T
g ) -
F () =0T - f R(u, T)dT . _ .
- . ’ TO -
' o A
. N - Fl(0) = j R(s, AT + | R(u),T)dT : (2)
. : ‘ T, 0
: vhere ' )
- '—\ - - . -
R(u,T) = J (@B /dT) [1 - T,(u)]dv , . (3).
v ) : ’
N ) where F 7 (0) and F | (0) are the upward and dcwnward radiatlon fluxes at

the reference level, o is the Stefan-Boltzmann constant, T is the ground

temperature, u is the reduced carbon dioxide path length (éeasuted in cm

STP and increasing upwards and downwards from the referemce level), T is

temperature T. is the temperature at the top of the atmosphere, T, is the

temperature at-the reference level, u, is the reduced carben d10x18e path

length from the top of the . atmosphere to the reference level, B_ is the

e blackbody . energy per unit spectral interval, and 7 is the fluxvtransmiss—

o ivity, Elsasser's'{10] radiatiot tavles list R as a function of log u and

T. The integral in Equation (i) and the first integral in Equation (2)

T - follow the actual temperature-path-length relationship in the atmosphere; the _ -

T second. integral in Equation (2) is a boundary term; the integral in ' :
"Equation (3) extends over the wave number range Av covered by the gaseous
absorption band. The derivations of equations (1) and (2) are presented in- . _

" - Appendix A. - . - T

T ey

i , .
ﬁ,g The net flux at any level is giver by the difference between the’upward
S and downward fluxes. . - '
% > = F (0= F1 {0 -FL(@ - )
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*.
¢
.

L s




The radiational rate.of temperature change can be obtained from the
vertical divergence of the net flux

Jnet
o )

P

ot

where AT/At is the radiational rate of temperature change for a layer of

pressure thickness Sp, g is the acceleration of gravity, andAcp is the spec-

ific heat of the atmosphere at comstant pressure.

The.atmospheric integrals in Equations (1) and (2) are computed numer-
ically by dividing the ~tmosphere into n layers of constant pressure thick-

"ness. In most cases, a 20-layer model is used. The temperature of each -

layer is taken as the average of the temperatures at the base and top Jof the
layer and is asswmed to apply at the mid-point of the layer. The reduced
:path lengths, except for u,, are measured from the reference level to the
mid-point of each layer; @  1is measurced from the reference level to the top
of the atmosphere. The boundary integral in:Equation (2) is also evaluated
numerically with the use of 20 intervals and the trapezoidal rule. Elsasser's
R{u, T) table consists of values of R(u,T) tabulated at intervals of 10°C in
temperature and 0.3 or 0.4 in log u; linear interpolation is used to deter-

mine values.of R(u,T) between tabulated values. The surface temperature is
held constant throughout the iteration process; the temperature at the top
of the aimosphere is liuearly extrapolated from the temperatures at ‘the mid-
point and base of the tcp-most layer of the model. The calculations are
contlnued until all of the radiational rates of tempetrsture chdnge - except
‘in the convective lay~r - are less than 0.05 OKk/day.

. ’ - Solar Heating

Heating due to atmospheric absorption of solar radiation >y the near
infrared bands of carbon dio:idv and water vapor is computed using the
method of Roach [11], which is based-upon the experimental. abso>rption data
of Howard et al. [12]. Following Roach {11], the amount of solar energy
absorbed from a pressure level p to the top of the atmosphere can be written
as. ‘

E=Z 1 . cos ¥y A,
1 o1l R S

where I . is thé incensity of solar radiation per wave_ number at the top of
the atmo%phere in the it absorption band, ¥ is the solar zenith angle, A,
1s the absorptivity per wave number of the i 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
carbon dioxide and water vapor absorption bands. The heating rate at a
pressure level p can be determined from ) )

X

“j&i’gﬁ.‘{f




The absorptivity Aj is a function of m (sec ¥), the amount of absorber in the
slant path through the atmosphere, and p, the effective pressure of the
atmosphere above the ﬁgvel p, which, according to the Curtis-Godson approx-

imation, is given byL/ P dm{j dm. iIf the absorbing gas has a constant mix-

ing ratio with altitude, thie effective pressure is simply the average pressure
of the atmosphere above the level p. One can write

dA.  OA. _dA. -
—i__idwm  _idp
dp amdp '}5 dp

.. dA, .
The values of — can be computed from the empirical equations of Howard et al.
{127, which reldPe Ai to m and p for the various bands, They present -two
different absorption laws, which we rewrite slightly to apply to the present
problem of slant path absorption in a real atmosphere.

Weak absorption barnds .
H ) e .
i A=c (msec }¥)* (p)k'for A< Al

N

iStrong absorption bands

A =C +D log (msecy) + K log p for A > A,
where ¢, k, C, D, and X are empirically determined constants, and 1o is the
critical value of the absorptivity at which the absowvption changes from weak
to strong. The empirical constants for the carbon dioxide and water vapor
bands are listed in Table 2. These values are taken from Roach [11}; the
values in parentheses have been altered from tle original Howard et al. [12]
data as explained by Roach [1l]. These constants are appropriate for p
measured in mm of mercury, and m in cm STP for carbon dioxide and in
~ precipitable cm for water vapor. To simplify the present computat:.ons a
value of k = 0.4 was assumed for all the carbon dioxide bands, and k = 0.3
Tor all the water vapor bands. For the small amounts of water vapor in the
Martian atmosphere, the weak absorption law applies to all the water vapor
bands.

The values of I  tabulated in Table 2 are solar radiation intensities
“at the top of the Maftian atmosphere. Since, during an average day on Mars,
the sun shines one-half of the time, the average value of I_is simply I /2,
The average value of cos ¥ is 0.5. These values are used iR the computa®ions
of the average solar heating rates. The solar heating rates are computed for
the mid-points of each of the n layers into which the atmosphere is divided.
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Computational Techniques

The vertical temperature distribution for a given surface temperature

. . cos . dF .
and pressure is found when the resulting radiative flux divergence, 4z 1s

zero throughout the radiative equilibrium layer. This temperature distribu-
tion is obtained numerically by dividing the atmosphere into n layers of
pressure thickness Ap (see Fig. 1), and solving the finite difference
equation,

oL g B
—_— = _— = .= \
At < A + Si 0, (i=1,2,...,n) (6)
AIi
where AT is the rate of change of temperature at the mid-point of the i th

layer, AF. is the net infrared flux at the upper boundary minus the net
infrared “flux at the lower boundary of the i th layer, g is the acceleration
due to gravity, cp is the specific heat at constant pressure and 5. is the
solar heating rate for the i h layer. The pressure thickness /p tis always
taken as a positive quantity.

Equation (6) is solved by an iteration procedvre. Beginning with an
initial temperature profile, (f..7T,,...,T_), the upward and cownward
radiation fluxes at the boundaries“of each layer, ¥, 7 and F, | respectively,
(k=1,2,...,n+l), are obtained by approximating Equa%ions (1)kand (2) in the
following manner. Each layer in the atmosphere has a reduced carbon dioxide
path length Au, (i=1,2,...,n). The integral in Equation (1), where the
reference level is the k© boundary, is approximated as,

k-1

T .
re X Y
J R(u,T)dT = L R(u-ls,i’Ti)VTi (N
T0 (kth boundary) i=1
where u, ., is the reduced carbon dioxide path length between the kth bound-

k,i
ary and the mid-point of the ith layer, and VT, is the temperature at the
lower boundary minus the temperature at the upper boundary of the ith layer.

.
1 -1 = L - )
2('131_'1 +T,) S(T, + T, = 5T, 1 7 T i=2,3, .0,
n-1,
VI, = 4 T - l(T + T.) i=1 - (8)
i g 2'1 2 ? ’
L 1t i=n .

12
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Figure 1. Schematic diagram ot division of the atmosphere into n
layers for numerical calculations.
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The first integral of Equation (2) is approximated as,
Io(kth boundaty) 0
1 S .
' 1 ~ \
J R(u, T)cT L R(u'_x_,i,Ti)VTl , (10)
T i=kK

where VTi is given by (8) and,

- L 1
Yio T Duy Dy e it gAY . ()

The temperature at the top of the atmosphere, Tto , is obtained by a linear
extrapolation of Tn and Tn-l' P

The second integral in (2) is evaluated by integrating with the trap-
ezoidal rule from 73 degrees Kelvin to T . (This integration is perform-
ed from 75°K rather than from 0K becausgogll values of R used in this study
are equal to zero to three places for T 7 73%K.)

fo 20

e T
! R(ulk,T)dt Z R(ulk, TV 12)
o i=1

where uy is the reduced carbon dioxide path length berfween the kth boundary

and the §op of the atmosphere,

ulk = oy + DYy 4w (13)
(Tto - 73)
_ , PR
] = =
Ti 73 + -———%5———”~ x 1 . (i=1,2,...,20) (14)
where
T/ = T ,
20 tOp
and,
1 .
E(Ti - 73) s i=1
vT! = T! - T7, . .
1 i i-1 , i=2,3,...,19 (15)

Loor -
2(Tzo-— Eig) , i=20
Therefcre, the net flux at the kth boundary is,

14



n 20
4N N
= T - = - 3 s / /
Fnet(k) Fk Fki T 1g /. R@Jk,i,TiJVTi ) R(ul ,Ti)VTi , (16)
- r.J k
i1 i=1
. . ] .th .
and the flux divergence of the i layer is,

QFi = Fnet(i+1) - Fnet(i) ; (i=1,2....,n) . (17)

For a given time interval At/, the change in temperature for each layer, 4T/,
is computed by multiplying the rate of temperature given by Equation (6) byl
,Qti, and the new temperature profile becomes,

oo

T1L =T, + ATi , {(i=1,2,...,n0) . (18)

Finally, the differences between the temperature at each layer, T#, and the
adjacent upper layer, T;+l, are compared with the adiabatic tempe%ature lapse-
rate to insure that no temperature differences exceed the corresponding adia-
batiz temperature differences. If a temperature difference (say, T§+1 - T*)

does exceed the adiabatic temperature difference, the upper temperature. T?

is replaced by the adiabatic temperature, +

7-1
P N7
s % i+1
i+l Ti ( Ps ) (19)

where p; and p;,, are the pressures at the mid-pointec of the ith and (i+1)th
layers respectively. This ends the iteration cycle, and the new adiabatically
corrected temperature profile becomes the initial temperature profile of the
next cycle. The iteration process is coniinued until the rate of change of
temperatures at each layer, (&T;/At), are less than .05 degrees per day. A
program which performs these caiculations has been constructed, and is ap-
pended to this report. After the first calculations, the number of ite:iations
was considerably veduced by using as an initial temperature profile a guess
based upon the results of thc first calculations. In these calculations, the
quantities, R(u,T), as defined by Equation (3), varied from T = 73% to

T = 3009 and from log u = -2 + .7 to log u = +2.7, Some of these values were
obtained from Elsasser's cables, [10], and the remaining R's were computed by
evaluatiug_&he integral of Rquation (3) by Simpson's rule over the range,

v =555 cm ~ to 815 em~l. dnv/dT is computed analytically from the derivative
of the Planck function. The flux transmissivity, 7., is evaluated from the
equation, B

1F(u,v,T)=TF[1og u + log L(v,T)] (20)
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where L(¥), the generalized absorption coefficient [10] is obtained from
the equation,

log[L(v,T)] = log[Lo(v)] + 4log{L(v,T)] . (21)

a6 x 107 29;’T (v-670)% + log 222 | 4 <670 cm’

T
A log{L(v,T)]= (22)
-3.4 x J.O_4 ng%;zl (v-670)2 + log Z%é , v > 670 cm-1

and log[Lo(v)] is tabulated in Elsasser's report [10].

The computea values of R(u,T) differ from the measured values by a
correction factor, A/A., which is given in Elsasser's report [10].
However, it was found %o be more accurate to make this correction by multi-
plying the computed R's by the quantity C{u)/C1(u), wher¢ C(u) is the average
value of R for a given u, over the range T = 193YK to T == 300°K, obtained
from Elsasser's table for R (Elsasser, 1960), and C;(w i: the correspnndirg
average value of the computed R's.

These calculations have been programed as a second program, which is
appended to this report; values of R(u,T), for T = 73°K to 193°K,
logu=-2+ .7 to log u =+2.7 are shown in Table 3.

The iteration program, discusscd above, calculates the temperature at
the mid-point of each layer, T,, as a function of p, thec pressure at that
point, The resulting T-p coordinate system can be transformed to a temper-
ature-height, T-Z, coordinatce system as follows.

1. In the convective region, I varies linearly with height according to
the convective lapse-race, (.

Therefore

7., = iz (23)

In the radiative equilibrium region, the hydrostatic equation can be
be written as
dp . _EE gy (24)
p *
RT .
where m is iLhe molecular weight of the atmosphere, and R is the univers-1l
gas constant,

T can be written as

=]
L}

T, - Bp;-p) 25)
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B where 8 = 511’ which is assumed constant between any two temperatures T and
T‘-‘-l' Subsgltutlng (25) into (24), we have
477
B _ mg d7
P Li;7Pipi-P ,
. , . (Tl T1+1) A -
Integrating from p. to p,,,, and setting 8 = —=——— . we find
i i+l (p -p
. i+1)
= ) i 3
S ; ' * [ (T,-T...) D,
. 2, = % + B (T,-T; ) - LTi-pi ¢ L lﬂ)J o 2L (27)
S * 1t me PiPin Py
- SRR - Appended-te this ceport is a preogram to perform these calculations.
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PHYSICAL MODELS

To compute the temperature distribution, physical mcdels of the
atmosphere are required. These models specify the assumed atmospheric
composition, pressure, gravitational acceleration and surface temperature.
The amounts of zbsorbing gases, adiabatic lapse rates, and tnermodynamic
‘constants are derived from the assumed physical models. Since there is
presently some uncertainty in the actual physical model, computations are .
performed for several physical models.

Composition and Surface Pressure

The assumed atmospheric compositions sre based largely upon the
measvrements of Kaplan, et al. [1]. Their measurements indicate that the
carbon (ioxide mass percentage in the Martian atmosphere is 167, the
surface pressure-is 25 mb, and the total amount of water vapor is about
14y precipitaile water. Because of the uncertainties in their measure-

~ments, they also indicate two extreme atmospheres: €0, mass percentage
equal to 7.5%, surface pressure equal to 40 mb; and COy mass percentage
equal to 607, surfa-e pressure equal to 10 mb. One other composition -
model was used. This model is based upon the previous estimates of
composition and surface pressure; it assumes 2 Cbz mass percentage -of

3.1% and surface pressure of 85 mb. 1In 211 the models, it is assumed that-

nitrogen is the only other gas in the Martian ‘atmosphere.

- Thé meah molecular weight of each model:atmosphere can be computed

from .
1leo, w) L1 + & A L
m U 2 oo 2
_ - 2 2
wher> w is the mean molecular weight, CO, M/ is the mass pércentage of
€0y, Ny M/ is the mass percentage of nitrogen, Do is. the molecular
: : 2

weight of CO,, and Dy is the molecular weight of nitrogen.
il 9

Z

The unreduced COp path length can be computed from

. ;r = (c':o2 W) pg/é p(':éz.

where u' is the unreduced CO, patﬁ<1eng;h, COy ML is the mass percentage
of CO9, p, iz rhe Martian surface pressure, g is the Martian acceleration
=4 - -

Y




H
) €0, 3 3
standard temperature and pressure (1.94 x 1077 g/cm™).

of gravity {373 cm/secz), and p is the density of carbon dioxide at

In rhose computations in which the effect of absorption cf SOIag
radiation by water vapoer is investigated, water vapor amounts cf 107~
and 1072 cm precipitable water are usad.

In all computations except one, the absorbing gases are assumed to
be uniformly distributed with height. 1In the compatations of infrared
cooling rates, a linear pressure correction (p/1G00, where p is the average
pressure in mb) is applied to all path lengths to account for pressure
broadening of the absorption lines. The pressure correction for the
computations of solar heating rates is discussed in a previous section. -

Thermodynamic Constants
The adiabatic relationship between temperature and pressure is given

by -
. z-1 N
Tl Al . -

where T is température; p is pressure; y = ¢ /¢, the ratio of the specific
heat at constant pressure to the specific heBt it constant volume{‘and the
subscripts 1 and 2 refer te two different levels in the atmosphere. Both

v and c_ (which is required for the computaticn of the rates of radiational
temperagure change) depend mainly on atmoscheric composition, although there
is also a slight variation of these parameters with temperature and pressure.
For a Martian atmosphere consisting of a mixture of nitrogen and carbon
dioxide, y and Cp can be determired from

-

= M) gy o+ (0, M) v,

. P P
L N, , co,

and 7 c_ = (Nz ML) cp v+ (CO2 ML) ¢

The variation of y and ¢_ with temperature and pressure is so small that
it 1s sufficient to take' their values at some average temperature aud
pressure for the Martian atmosphere., For all models except the one
with a surface temperature of 300°K, a temperature of 200°K-and pressure
of 10 mb were used for the evaluation of y and c,. For the model with
a.surface_ temperature of 300°K, a temperature of 270°K rathevr than
. 200°K was used for the evaluation of y and cp. Values of y and cp - for
nitrogen and carbon dioxide at these temperatures and pressures wer
obtained from Hilsenrath, et al. [13. )
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The assumed physical models for which temperature profiles were
computed are summarized in Table 4.

The reasons for investigating the
behavior of each of these physical models is discussed in the next secticn.
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TABLE &

PHYSICAL MbbEIS USED IN COMPUTATIONS OF VERTICAL

TEMPERATURE DISTRIBUTICN

Models in which Solar Heating is Neglected

Model . u! (m STP) ! (prec. cm) -1 . o
Number EE (mb) co, uH20 S cP (cal/g deg) Tg {K)
1 25 55 0 .281 .237 230
2 85 36 0 .285 . 247 230
3 40 41 0 .284 243 230
&4 10 83 0 .269 .205 230
5 25 55 0 .281 .237 200
6 25 55 0 .278 . 240 300
7 25 55 0 .182 .237 _230
8 25 55% 0 .281 .237 230

Models in which Solar Heating is Included
Model u! (m STP) ! (prec. cm) -1 . o
Number Pg (mb) "CO, uHZO TS (cal/g deg) T, ("K)
9 25 55 0 - .281 . <237 230
10 25 55 - 1073 .281 .237 230
11 25 55 1072 .281 .237 230

. .
In this model, the COp mixing ratio decreases by one order of magnftude
.from the lowest atmospheric layer to the highest layer.
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RESULTS

The computed temperature profiles are presented in graphical form in
this section, with the ratio of pressure to surface pressvre and height as
the vertical cooxdinate. The height of the tropopause is indicated by a
short horizontal bar in the graphs. In Appendix B, the computed temperatures
are tabulated as a function of pressure and height.

The first four fiosures illustrate the effect of different carbon dioxide
contents and surface pressures on the computed prcfiles. In these ccmputa-
tions, a surface temperature of 230°K and an adiabatic troposphere are assumed
and solar heating is neglected. The four profiles are remarkably similar.
There is only a 4°K difference in the temperature of the highest layer, with
the highest temperature, 129°K, occurring in the 10-mb model and the lowest
temperature, 125°K, in the 85-mb model. The similarity in the computed pro-
files is due to the fact that the infrared absorption is a function of the
product of the carbon dioxide content and the average pressure. In the four
models, an increase in surface pressure is associated with a decrease in
carbon dioxide content. Thus, despite the eight-fold variation in surface
pressure among the four models, there is only about a factor of four difference
in the reduced path lengths, with the 85-mb case having the highest and the
10-mb case the lowest reduced pach lengths. Apparently, a factor of four in
reduced path length is not large enough to produce substantial changes in the
computed temparature profiles. The height of the tropopause varies slightly
among the four models, being less than 7 km for the two higher pressure models
and greater than 7 km for the two lower pressure models. Thus, both the
temperatwre in the uppermost layer and the height of the tropopause increase
slightly as the reduced carbon dioxide path length decreases by a factor of
four. However, these variations are small and suggest that the Martian
temperature profile is not particularly sensitive to the uncertainties in
present estimates of carbon dioxide amounts and surface pressures.

In the 10-mb case, it was not possible to obtain a final temperature pro-
file in which all the rates of radiational temperature change were less than
O.OSOC/day. The rate of temperature change is inversely proporticnal to the
pressure thickness of a layer. Thus, to have achieved the criterion of
0.05°C/day in the 10-mb case, in which each layer is only % mb thick, woul”?
have required much greater accuracy in the computations of the fluxes of
radiation. The radiation tables and interpolatiorn procedures used are appar-
ently not sufficiently refined to provide the required accuracy. Therefore,

a cut-off value of 0.1°C/day was used in the 10-mh case. If ten layers rather
than twenty layers are used in the 10-mb case, it is possible to achieve the
criterion of 0.05°C/day. The computed final profile using ten layers and a
cutoff of 0.05°C/day is substantially the same as for twenty layers and a cut-
off of 0.1°C/day.
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To determine the effect of different surface temperutures on the tempera-
ture profile, computations were performed with the 25-mb model for two e¢xtreme
surface temperatures — 200°K and 300°K. This temperature range should cover
average seasonal and latitudinal variations of Martian surface temperature.

The results of these computations are shown in Figures 6 and 7. 1In the 200°K
case, the tropopause is at about 6 km; in the 300°K case, at about 17 km. The
increase of tropopause height with increasing surface temperature is in agree-
ment with results obtained previously with a simple model to determine tropo-
pause height in the Martian atmosphere [5]. This variation cf tropopause
height with surface temperature suggests that the equatorial tropopause on

Mars may be significantly higher than the polar tropopause. Another interest-
ing feature of these two profiles is the fact that the temperatures of the
wppermost layers — 116°K in the 2009K surface temperature case and 151°K in
the 300°K surface temperature case — are only about 35YK apart, despite a 100°K
difference in surface temperatuce. The diffuerence in temperature in a height-
for-height comparison is somewhat larger duve to the fact that the hotter atmos-
phere (300°K surface temperature) is significantly thicker than the cooier
atmosphere (200°K surface temperature).

To investigate the effect of a possible sub-adiabatic lapse-rate in the
Martian troposphere, calculations were performed with the 25-mb model for a
tropospheric lapse-rate equal to 0.65 of the adiabatic lapse-rate., The aver-
age tropospheric lapse-rate in the Earth's atmosphere is about 0.65 times the
adiabatic lapse-rate. It is established as a result of moist convection and
attendent release of latent heat of condensation. In the Martian atmosphere,
in which water vapor is scarce and clouds rarely occur, a tropospheric lapse-~
rate of 0.65 times the adiabatic is probably a limiting one for the average
tropospheric lapse-rate. The limiting lapse-rate in the other direction is
the adiabatic lapse-rate. Thus, computations with these two lapse-rates
should bracket possible temperature profiles in the Martian atmosphere. The
results of the computation with a sub-adiabatic lapse-rate are shown in
Figure 8. As one would expect, the tropopause — at about 30 km — is much
higher when the tropospheric lapse-rate is sub-adiabatic. Despite thic large
difference in the height of the tropopause, the temperatures at any level do
not differ by more than 15°C from the adiabatic case to the sub-adiabatic case.

To investigate the effect of a non-uniform carbon dioxide mixing ratio
with altitude, computations were performed for a case in which the carbon
dioxirde mixing ratio decreases linearly from the lowest layer to the highest
layer by onme order of magnitude, Such a vertical distribution might result
from the condensation of- carbon dioxide in the upper Martian stratosphere.
(The condensation temperature of carbon dioxide is 139°K at a pressure of
1 mm of mercury). A surface pressure of 25 mb, total carbon dioxide content
of 55 m STP, and 10-layer model are used in this computation. The resulting
temperature profile is shown in Figure 9.

The profile is characterized by an extremely high and relatively sharp
tropopause at about 30 km and an upper stratosphcie temperature of 129°K.
Comparing this profile with those of physical models 1l-4, it is quite obvious
that the temperature profil: is more sensitive to the vertical distribution

28



HEIGHT 2z (km)

01GA72 —1280F

1 T T T T T 1T 1 7T 1%
40
1 .03
35 1 .04
1 .05
1 .06
1 .07
30
<1 .08
1 .09
— 0.1
25
20 -1 .2
5 1 .3
1 4
0] 1 .5
1 .6
S -1 .7
1 .8
.9
oL L1 1 1y e
90 100 10 120 130 40 150 160 170 80 190 200
TEMP. T (°K)
Figure 6. Vertical distribution of temperature in the Martian

atmosphere (Physical Model 5).

al O
<
+
#
3
& -
- &
29 e
[




CHEIGHT z(km):" =

s ]
10~ n
= 5-- ‘ 7 _
SRR AN TN N NN IO N (LS N S N .. I
80 100 120 140 160 180 200 220 2.40‘ 260 280 300

- 25

0IGAT2 —Ii2100F

SS

50

asl=

35

30

40—

20—-

|

1

.05

.07

.08
.09

0.

co N O

TEMP. T {°K)

- o »Fi/fggré»?‘; 'Vérticsl distribution of temperature in the Martian -
T .~ atmosphiere {Physical Model 6). : -




'HEIGHT z (km)

OIGAT2--1280F

Figuge 8.

TEMP. T (°K)

Vertical dlstrlbucion of temperature in the Martlan

atmosphere (Phy31ca1 Mbdel 7)

| l ! | | | ] | | ] 02
45 .03
.04
40— .05
.06
.07
351 08
-~ 09
0.1
301 7
al &
25 |-
2
20+
3
“isk- -
4
o] = 5
6
54 7
. » .8
L1 el o
150 60 170 180 190 200210 220 230

31 ¢




O!GA72-121208

I

VARIABLE CO2 MIXING RATIO 7

49
pg = 25 mb
Tg = 230°K -
Y-l _ '
7 - .28l |

35

W
o

o

’H!jZIGHT z (km)
[\
(8}

- 20

R U N T L R B

G20 130 w40 150 160 170 180 190 200 210 220 23
S . TEMP. T(°K)

Figpre 9. Vertical distribution of temperature in the Martian
atmosphere (Physical Model 8). -

32

02

.03

.04

. .05

»u

oW ® ~N O

.06

.07

.c8

09
0.

o

- o



of carbon dioxide than to the uncertainty of a factor of four ‘n pressure
corrected carbon dioxide path length. It was not possible to attain the
cut-off criterion of 0.05°K/day for the radiative equilibrium region in
this computation, possibly due to the relatively large curvature of the
profile in the vicinity of the tropopause, which would cause errors ip the
linear interpolation schemes used in the computations. A cit-off value of
0.1°K/day was, therefore, used in this computation. Even witi. this grosser
criterion, the variabiljty of the net flux of radiation with height is only
of the order of 5 x 107" of the net flux.

To investigate the effect of atmospheric absorption of solar radiation
or the temperature profile, calculations were performed with the 25-nb model
using three assump:ions on absorbing constituents. In the first case, it
is assumed that only carbon dioxide (55 m STP) is present in the atmosphere;
in the second case carbon dioxide (55 m STP) and 10 ° cm precipitable water
vapor are present; and, in the third :case, carbon dioxide (55 m STP) and
1072 cm precipitable water are present. In Figure 10, the heating rates due
to carbon dioxide are compared with the heating rates due to water vapor.
~For the amount of water vapor currently thought to be present in the Martian
" atmosphere ~ ~ 1072 prec. cm - the water vapor heating rates -are at least

cne order of magnitude lower than the carbon dioxide heating ratec. Even
with 10-2 prec. cm of water vapor, the water vapor heating rates are signifi-
cantly lower than the .carbon dioxide heating rates. Thus, one- would expect : -
the effect of carbon dioxide heating on the temperature profile to be much
. greatex than the effect of water vapor heating. This is borne out by the
computed temperature profiles, which are shown in Figure 11. For’the case
of carbon dioxide alone (profile 9) the temperatures at the top of the atmos-
phexre azre almost 17°%k higher than in the similar model in which absorption of
solar radiation is neglected. With carbon dioxide and 10-3 prec. cm of water
vapor (profile 10), the temperature is further iucreased — but only by about
29K at the top of the atmosphere. With carbon dioxide and 107 prec. cm of
water vapor (profile 11), there is en additicnal increase of a few degrees.
Thus, inclusicn of heating due to absorption of solar radiation by carbon
dioxide adds almost 179K to the temperatures computed with a model that
neglects solar heating. The combined eifect of heating due to carbon dioxide
and 10-3 prec. cm of water vapor is to raise the upper stratosphere tempera-
tures by about. 20°K from their values in a model that neglects solar heatlng.
Inclusion of solar heating alsc reduces the height of the tropopause. :
1*hough for clarity, only ore tropopause is indicated in Figure 11, at about

5 km, the actual height of the.tropopause is about-5 km for the carbon dioxide
case and for the-carbon dioxide plus 107° prec. cm of water vapor case, and
about 4 km for the carbon dioxide plus 1072 prec. cm water vapor case. These
values are 2 to 3 km less than in the corresponding case in which solar . H
heating is neglected. : -

‘Based upon present indications -of carbon dioxide and water vapor content,

surface pressure and surface temperature, it is suggested that profile 10 in
Figure 11 be used is a tentative estimate of the average vertical distribution
of temperature in the Martian atmosphere.
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All the computed profiles are presented in one diagram in Figure 12,

This diagram illustrates the spread in temperature and tropopause heights
cbtained with the different models. For clarity only an average tropopause
height is indicated for profiles 1-4 and for profiles 9-11. The he.ght
scale on this diagram corresponds to profile 7, which is the sub-adiobatic
case. The extreme profiles are the ones with surface temperatures of 200°K
and 300°K, suggesting that, of the parameters investigated, the surface
temperature has the greatest effect on the computed temperature profile.

In all the computations, it was assumed that the effect on the tempera-
tnre profile of infrared cocling due to water vapor could be neglected. This
assumption was based upon comparison of the magnitudes of infrared cooling
rates for carbon dioxide and water vapor. Infrared cooling §ates were
computed for two water vapor amounts —1072 prec. cm and 107”7 prec. cm —and
one carbon dioxide amount — 55 m STP — for an isothermal atmosphere with a
temperature of 230°K and surface pressure of 25 mb., For these low water
vapor amounts, Elsasser's [10] table of R (u, T) had to be extrapolated to
lower path lengths. This extrapolation was performed by simply extending
Elsasser's values graphically. Thus, the resulting water vapor cooling rates
are somewhat uncertain. However, for the present compariscn, tr.y are prob-
ably of sufficient accuracy. The results of these computatioms are shc .n in
Table 3, The average carbon dioxide conling rate i$ about 2.5 times the
average water vapor cooling rate for the large wat-r vapor amcunt and about
8 times greater in the case of the smaller water apQr amount. It should be
remembered that the smaller water vapor amount - 137~ prec. ¢m — is probtably
the actual amount in the Martian atmosphere. T  Thermore, the ratio of the
carbon dioxide cooling rates to the water vapo: weling rates is even higher
in the upper layers of the atmosphere. Since t. ter=e  ature profile in the
upper part of the atmosphere is controlled by radiciion, wiv in the lower
atmosphere it is limited to the convective lapse-rate, th. .. . tnet the
carbon dioxide cooling rates are so much greater than the wart.r vapor couling
rates suggests that inclusion of infrared cooling due to water vapcr wouid
have a negligible effect on the computed temperature profile, Verification
of this reasoning must await actual computations that incluce the effect of
infrared cooling due to water vapor.

Possible diurnal variations in the Martian temperature profile have not
been studied in the present research prugram. The observations of Martian
surface temperature suggest values as high as 100K for the diurnal tempera-
ture range at the surface. A complete solution to the problem of day-night
variations in the atmospheric temperature profile requires consideratiorn of
the non-steady state case and must include the effects of eddy transfer of
heat from the Martian surface to the atmosphere. Unfortunately, nothing is
known about eddy exchange coefficients for the Martian atmosphere. A pre-
vious study [5) indicates that the height at which the amplitude of the
diurnal temperature variation reaches one-tenth of its surface value ranges
from 1 km to 10 km depending upon the assumed coefficient ¢ £ eddy thermal
conductivity, A complete model of the diurnal variation oi the temperature
profile should include bnth the effects of radiative and turbulent heat
transfer mechanisms.
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Figure 12. Vertical distributions of temperature in the Martian

atmosphere for all physical models (height scale
computed with use cf temperature distribution of sub-
adiabatic Model 7).
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TABLE 5

COMPARISON OF COMPUTED INFRARED COOLING RATES (OC/DAY) FOR
CARBON DIOXIDE AND WATER VAPOR

(Isothermal Atmosphere at 230°K; pg = 25 mb)

p (mb) CO, (55 m STP) HZO (10-2 prec. cm) HZO (10—3 prec. cm)

2
23.75 0.8 1.4 C.6
21.25 0.9 1.3 0.4
18.75 1.0 1.4 0.5
16.25 1.2 1.3 0.4
13.75 1.4 1.4 0.5
11.25 1.7 1.4 0.5
o.75 2.2 1.5 0.4
6.25 3.4 1.5 0.3
3.75 5.9 1.4 0.4




The effect of horizoantal transport of heat on the average temperature
profile in the Martian atmosphere should be small. Such transports should
act mainly to reduce the temperatures of a radiative equilibrium temperc.ure
profile computed for the Martian equatorial region and to increase the tempera-
tures of a radiative equilibrium profile computed for the Martian polar re-
gions. The planetary a erage vertical temperature profile is probably close
to the one computed here. The average Martian equatorial and polar tempera-
ture profiles may also be close to those vumputed here [uvr the models with
surface temperatures of 300°K and ZOOOK, respectively, because these surface
temperatures may be close to the actual surface temperatures and, hence,
already include the effect of horizontal heat transport. (It should be re-
membered, however, that the temperature profiles computed with the 300°K and
200°K surface temperatures neglect solar heating; as we saw in the models in
which solar heating was included, the stratospheric temperatures are increased
when this effect is includad.)
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CONCLUSIONS

On the basis of a combined convective-radiative equilibrium model,
vertical temperature profiles for the Martian atmosphere are computed for
a number of physical models. The model assumes a radigtive equilibrium
stratosphere overlying a convective equilibrium troposphere. The computations
indicate that the present uncertainty in the Martian surface pressure
(estimates of surface pressure range from 10 mb to 85 mb) and carbon dioxide
amount (36 m STP to 83 m STP) do not appreciably affect the computed tempera-
ture profile, which is cnaracterlzed by aotropopause at about 7 km and upper
stratosphere temperatures of 125°k to 130°%.

An analysis of the erffect of different assumed surface temperatures
reveals that a 100°K dlfference in assumed surface temperature - 200°K versus
300°K — leads to cnly a 35°¢ difference in computed temperature foi the upper
atmospheric layers. The height of the tropopause varies from 17 km for the
300°K surface temperature to 6 km for the 200°K surface temperature.

Compuiations with two different convective lapse-rates — the adiabatic
lapse-rate and 0.65 times the adiabatic lapse-rate —which are probably
extreme values for the average tropospheric lapse-rate on Mars, lead to tempera-
ture profiles that do not differ by more than 15°K at any level. However,
the height of the tropopause increases to about 30 km for the sub-adiabatic
lapse-rate.

The effect of a variable carbon dioxide mixing ratio with altitude is
aralyzed with the aid of a model in which the carbon dioxide mixing ratio
decreases linearly from the lowest atmospheric layer to the highest by vne
order of magnitude. The total amount of carbon dioxide is maintairned 2t 55 m
STP. The computed height of the tropopause is about 30 km. An upper stratos-
phere temperature of avout 129°K is obtained. This result suggests that the
vertical temperature prcofile is more sensitive to a possible vertical variation

of carbon dioxide mixing ratio than to variations in total carbon dioxide re-
duced path length arising from present uncertainties in total carbon dioxide
amount and surface pressure.

Inclusion of the effect of atmospheric absorption of solar radiation '
raised the upper stratospheric temperatures about 20°K above the values com- 5
puted with a model that neglects solar heating. The height of the tropopause £
is reduced by about 2 km to a height of 5 km. §

A sample calculation comparing carbon dioride and water vapor infrared
cooling rates suggests that infrared radiative transfer due to water vapor
can be neglected in computations of the temperature profile, if the total
amount of water vapor is of the order of 10~3 prec. cm or less.
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For present unceftainties in the correct physical model to be used for
the Martian atmosphere, the results indicate that the computed temperature
profiles show relatively litt'e variability. Although the height cf the
tropopause varies considerably from model to model, the verti.al temperature
prcfile is not particularly sensitive tc these variations since t!e -lower:
stratospheric temperature lapse rates are not too different from the tropos-
pheric japse-rates, This situation is completely different from that prevail-
ing. in the Earth's atmosphere, where there is generally a large change’in
the lapse-ra~e at the tropopause.

‘A tentative mcéel of the average vertical distribution of temperature

.in the Martian atmosphere is suggested. This temperature proflle is based

upon ccmputations’ with an assumed surface prc sure of 25 mb, carbon dioxide

“smount of 55 m-STP, water vapor amount of 10~3 prec. cm,:adiabatic lapse-rate

“toa value of about 145°K above 45‘km

«

in-the troposphere, and surface temperature of 230°K. The effects of infrared
cooling due to carbon dioxide. and solar heating due>to carbon dioxide and
water vapor are ccausidered. The suggested température profile (profile 10,_

"Figure 11) is characterized by a tropopause at a height of about 5 km. In.

the Martian stratosphere, the temperature continues to decrease w1th height

(¥
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APPENDIX A

DERIVATION OF EQUATIONS FOR UPWARD
) AND DOWNWARD INFRARED RADIATION FLUXES

The downward and upward fluxes of infrared radiation at an atmcspheric
level u, can be written as (see, for example, Reference Al)

u
~ OTF(u-uo) .
Fy (u)) =fdv [ B, s du (a1) ’
} FANY u\"O R
; L a'r (u -u)
:FT (uo) =va Te (uo) dv +\, [ ——<—— du dv Aa2)
oy 8 o - -

where u.is the reduced path- 1ength lncreaélng upvards from a value of zero
at the ground to u, at the top >f the atmosphere, v is wave-number, B is the
Blackbody flux per unit spectral interval. the subscript g refers to the
ground, and 1 is the flux transmissivity per -unit spectral interval. The .,
spectral integration extends over «n atmospheric absorption band. .

Integrating the second integral in fquation (Al) by parts, we have

u
- - . d‘!‘F(u-uo) : uy 1 dB .
- u/ Bv B T du = 'BV T (u-u ) I j d—L-x— T (u-uo) du '(A3)
u. - Yo u
o .o

Since, in the atmosphere, u is a function of T, we can write

. 4 _'ddr
u = u(T) and 35 " ar du
Therefore, Equation (A3) éar} be written as
> ; . ~ ) ) - k3
b drg (e ) 7 nopTias o 4
J B, —-—-—-——du 4 |B e (u-uo)ITO f E Tp (u-uo) dT (A4) f 2
u, - T - '
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Define a function

dBV (T)
Q(U,T) = dt ":F (u) dv
' Avv

Substituting (a4) and (AS) into (Al), we find

B (u) =-|JB1:(u-u)dv| fQ(u-u,T)dT

Av

Equation (A6) can be written as

1) = - f ) - / ¢
F (uo) J Bv (Tl) TF(ul uo) dv +~. Bv \TO) TF(O) dv
Ly T v '

T-l
+f Q (u—uo,’l‘) dT
T <.
o

Making use of the definition of Q, we can write
T.

— ' f.l dB
B fB(Ti) T [uw (Ti)} dv = [ Tp [u(Ti)}J # dT dv
Ay Ev . o LT
) T,
1
= [ Q’{u(Ti),T] 4T
[»}

where T. is the temperature at the level u(Ti).

‘oubstltutlng (AS) into (A7), we have

_ Fy (u fQ(u-u,T)dT-f-fQ(OT)dT

} l
+f Q (u-uo,T) daT
T .
o

(a5)

(a6)

(a7)

(A8)

(A9)



Without any loss of generality u_ can be replaced by zero. Equation (A9)
can be re-written as -

To T1 c

Ro() = f Q (0,T) dT 4 f Q (u,T) dT +] Q(u;,T) 4T (A10)

o To Tl

The functiorn R (u,T) is defined by the following expressioas:

Q (0,0 = - R (0,
dB
R (u,T) = # 1 - 7] dv (A11)
YNy ’

Substituting (All) into (A10) we find

T - T
o _ ~ nl _ -
- 4B _ dB _ l
Fy (0) _f Ld'l‘ R (o,'r)J dT +j ‘dT Re,T) | a1
o T -
o
o P -_
dB |
+f lﬁT - R (u_l,T)Jf ar @12)
Tl
Equation (Al2) reduces to
- o) /:rl r9
Fi (0) = - / R (0,0 T - [ R () dT - / R (u,,T) dT (A13)
o To - T1
Since R (0,T) is zero, we obtain
TO i T1
Fy (0) =f R (u,T) dT +f R (u,T) dT ‘ (AL4)
T1 o ‘ l

Equation (Al4) is used in the compution of the downward infrared radiation fluxes.
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The equation for the upward flux of radiation, (A2), becomes, after inte-
gration by parts and making T the independent variable,

r T°
ok g = -
F (uo)Jl B, Tp (u) dv+ va T (u -u) dv]|
AV & AV T
T g
© dB
-f T F (uo-u) aT (A15)
T
4

Substituting Q (u,T) into Equation (Al5), we obtain
T T Tg

g o
F? (uo) =f Q (uo,T) dT +Jf Q (0,T) 4T -\J/’ Q (uo,T) dT

(o] o o]

T
)
-f Q (uo-u,'l‘) dT
T
g

T T
c

(o]
=f Q (0,T) 4t -fQ (u,-u,T) 4T (A16)
0 T

&

Again, without loss of generality, u_can be taken as zero and u can now be
assumed to increase downwards from tRe reference level. Rewriting (Al6), we

" have

T T
o) o
Ft (o) =f Q (o,T) 4T -f Q (u,T) 4T (A17)
o] Tg

Substituting R (u,T) into (Al7), we find

T T

o) 50

F1 (o) =Jf [g—? - R (o,r)] dT / [g—% - R (u,T)J 4T (A18)
T

0
g

48




Since R (0,T) equals zero, (Al8) reduces to

T
g

Ft (0) = By —f R (u,T) dT (A19)
T
o]

Since Bg is equal to GTga, where o 1s the Stefan-Boltzmann constant, we obtain

T

g
Pt (0) = qrg‘* -f R (u,T) dT (A20)
T

O

Equation (A20) is used for computing the upward fluxes of infrared radiation.
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APPENDIX B
TABLES OF COMPUTED TEMPERATURES

The tropopauvse level is indicated
by a short arrow. Characteristics

of each physical model are given
in Table 4.
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Model 1 Model 2

p (mb) 1 (°k) Ht (km) p (mb) (%K) Kt (km)
25.0 230 0.00 85.0 230 0.00
2.4 228 0.45 22 9 228 0.47
23.1 225 1.3 78.6 225 1.4
21.9 222 2.3 74.4 221 2.4
20.6 218 3.2 70.1 218 3.4
19.4 214 4.2 65.9 214 45 ‘
18.1 210 5.3 61.6 210 5.6
16.9 206 6.4 > 57.4 206 6.8
15.6 202 7.6 53.1 201 8.0 :
14.4 197 8.8 48.9 197 9.3
13.1 194 10.1 44.6 193 10.6
11.9 189 11.5 40.4 189 12 7
10.6 185 3.1 36.1 185 13.8
9.4 181 14.8 31.9 180 15.6
8.1 176 16.7 27.6 175 17.6
6.9 171 18.9 23.4 171 19.9
5.6 165 21.4 19.1 164 22.5 -
4oty 159 24.5 14.9 158 25.7
3.1 150 28.4 10.6 149 29.7
1.9 143 34.0 6.4 140 35.5
0.6 128 £.0 2.1 124 46.9

r
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Model 3 Model 4
p(b) (%K) He (km) p(mb) (kY Ht (km) .
40.0 230 0.00 10.00 . 230 0.00
39.0 - 228 - 0.46 9.75 228 .0.37
37.0 ) 225 1.4 9.25 225 1.1
. 35.0 221 . 2.3, - 8.75 222 1.9
T 330 . 218 3.4 8.25 - 218 2:7
3.0 . - 2. 4.4 - - .7.75 - 215 . 3.5
. 2900 210 . 5.5 = . 7.25 2il 4.4 -
> . = 27.0 206 - _ 6.6 . 6.75 - 207 5.3
» - . 25.0 7201 -= 7.8 6.25 = . 203 6.3
23:0 . . 197 9.1 -+ 5.75 . 198 7.3-
21.00° 193 10.4 © 5.25 194 . - 8.7
19.0 -~ 190 11.9 4.75 190 10.1
P _17.0 187 13.5 4.25 © . 185 11.6
15.0 181 15.3 - 3.75 T 181 ' 13.3
i . 13.0 176 17.3 3.25 - 176 <. - 15.3
S 1.0 171 - 19.5 2.7 170 17.4
9.0 165 ~ - "22.1 2.25 165 20.0
i - 7.0 - - 158" .~ 25.3 1.75 158 = . -23.0 -
; v 5.0 ) -150 29.3 1.25 151 v 26.9
) 3.0 ) 142 35.0 0.75 142 S = 32,5
L . 1o, . 1277 46.3 - 0.25 129 43,5 o
i "
! . ) ,
o . -
= : -
" /
K ~
i | | »
3{55 B © 54 - . L : . B
L
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¥Model 5 ’ Model 6 -

o (ub) 1R Hz (ka) p(mb) 1 (%K) HE (km)

200

25.0 - 0.00 25.0 300 0.00
244 199 0.40 2.4 298 0.59
23.1 19h i 1.2° 23.1 294 1.7
21.9 192 - 2.0 _21.9. 289 3.0 :
20.6 - 189 2.8 '20.6 - 284 . 4.2 .
19.4 186 3.7 19.4 279 - 5.5 :
15.1 183 4.6 18.1 274 . 6.9 -
16.9 1739 5.6 16.9 269 8.4
15:6 ° - 176. 5.6 15.6 263 9.9
l4.4 173 5 7.7 14.4 . . 257 0 11.5 }
13.1 170. 8.9 13.1 251 . 13.2
11.9 . 166 10.1- | 11.9 24 15.1.
10.6 163 11.4 ° - 10.0 - 236 17.1 :
9.4 159 1320 9.4 -7 229 . 19.3
8.1 155 14.6 8.1" = 22r° 21.7
6.9 " 151 - 16.5 6.9 24 24.4
5.6 146 - 18.8 .5.6_ 204 27.5
4ob . 140 . 21.5° 4.4 196 3i.3
3.1 . 132 2.9 3.1 183 36.1 y
1.9 127 - - . 29.9 1.9 171 42.8 - ‘i
0.6 116 39.8 9.6 151 - 55.9
. J Ll
. ) 55 e




Model 7 Model 8
© p(mb) T(°K) Ht(km)  p(mb) 1(°K) Ht (km)
25.0 R 230 0.00 25.0 - 230 0.00
2.4 229: Q.45 23.8 - 227 0.88
: 23.1 227 1.3 21.3 220 2.7
21.9 224 2.3 18.8 . 212 4.8
©20.6 - 222 3.3 16.3 204 7.0
: 19.4 -~ . 220 .. 4.3 13.8° -~ 194 9.5
18.1 . 217 . 5.4 < 11.3 184 12.3
16.9 - - 214 "6.5 = 8.8 - .17 15.6
: - 15.6 22117 7.7 6.3 "156 . 19.6
N 14.4 1208 9.0 _ 3.8 135" 25.2
; 13.1 © 205 10.4 1.3 129 36.0
"11.9 - 201 11.9 >
{ 10.6 .- 197 13.5
: 9.4 192 15.4 =
! 8.1 187 17.4 Lo
I 6.9 = 182 -19.7 ] °
R 5.6 == - 175 22.3 -
i 4.b . 167 25.5
-+ 3.1 158 29.6
P 1.9 148 35.4 .
#1 0.6 . 133 C46.9 - . -
1
56 ’




Model 9 Model 10
p (mb) T(°k) Ht(km)  p(md) 7(°K) Ht (km)
25.0 230 - 0.00 25.0 230 0.00
2.4 228 0.45 2%.4 228 0.45
23.1 225 1.3 23.1 225 1.3
21.9 222 2.3 - 21.9 222 2.3
20.6 218 3.2 20.6 218 3.2
19. 4 214 4.2 19.4 214 4.2
18.1 210 53 - 18.1 210 5.3
16.9 206 6.4 16.9 207 6.4
15.6 203 7.6 15.6 204 7.6
4.4 200 8.8 4.4 201 8.9
13.1 197 10.1 13.1 197 10.2
11.9 193 11.6 11.9 194 11..6
10.6 190 13.2 10.6 191 13.2
9.4 186 15.0 9.4 187 15.0
8.1 182 16.9 8.1 183 17.0
6.9 177 19.2 6.9 179 19.3
5.6 173 21.8 5.6 174 21.9
A 167 25.0 A 169 25.1
3.1 161 29.2 3.1 163 29.3
1.9 . 154 35.2 1.9 155 35.4
0.6 146 47.4 0.6 147 47.8

i1,

2Bt
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Model 11

p (mb) T(°K) HE (km)
25.0 230 0.00
2%.4 228 0.45
23.1 225 1.3
21.9 222 2.3
20.6 218 3.2
19.3 214 4.2
18.1 211 5.3
16.9 208 6.4
15.6 205 7.6
14.4 202 8.9
13.1 199 10.2
11.9 196 11.7
10.6 192 13.3
9.4 189 15.1
8.1 185 17.1
6.9 182 19.4
5.6 176 22.1
A 171 25.3
3.1 165 29.6
1.9 158 35.8
0.6 150 48.4
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APPENDIX C

PROGRAM TO CALCULATE R(log u, T) FOR CARBON I'IOXIDE

Source Deck, Input Format and Comments.
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APPENDIX E ’

PROGRAM TO CONVERT PRESSURZ TEMPERATURE COORDINATES
TO HEIGHT TEMPERATURE CGORDINATES

Source Deck, Input Format and Comments.
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