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PLANETARY METEOROLOGY 

By George Ohring, Wen Tang, Joseph Mariano 
and G l o r i a  DeSanto 

GCA CORPORATION 
GCA TECHNOLOGY D I V I S I O N  
Bedford, Massachusetts 

SUMMARY 

The thermal equi l ibr ium model f o r  computing v e r t i c a l  temperature  
p r o f i l e s  i n  the  Martian atmosphere [ l ]  i s  expanded t o  inc lude  water  vapor 
r a d i a t i v e  processes .  Calculat ions with t h i s  model show t h a t  t he  observed 
s m a l l  amount of water vapor i n  the Mart ian atmosphere ('lop p e r c i p i t a b l e  
water )  does not s i g n i f i c a n t l y  a f f e c t  t he  computed temperature p r o f i l e .  
For example, the  Martian sur face  temperature  i s  increased  by only 1°K due 
t o  the  presence of water vapor. 
mean su r face  temperature and mean v e r t i c a l  temperature p r o f i l e  on Mars 
i n d i c a t e  t h a t  t he  temperatures a re  r e l a t i v e l y  i n s e n s i t i v e  t o  v a r i a t i o n s  
i n  su r face  pressure  and carbon dioxide abundance over t h e  range r e p r e -  
s e n t a t i v e  of cu r ren t  u n c e r t a i n t i e s  i n  these  parameters.  Thus, even wi th  
p re sen t  u n c e r t a i n t i e s  i n  sur face  p re s su re  and carbon d iox ide  abundance, 
i t  i s  poss ib l e  t o  o b t a i n  good t h e o r e t i c a l  estimates of Martian s u r f a c e  
and atmospheric temperatures .  The mean Mart ian su r face  temperature  i s  
computed t o  be 216"K, ind ica t ing  a greenhouse e f f e c t  of 8 " K ,  which can 
be compared t o  a greenhouse e f f e c t  of 35°K on Ear th .  

* 

Thermal equi l ibr ium c a l c u l a t i o n s  of t h e  

Two models f o r  c a l c u l a t i n g  d i u r n a l  v a r i a t i o n s  on Mars a r e  developed. 
The f i r s t  model i s  f o r  ca l cu la t ion  of d i u r n a l  v a r i a t i o n s  of temperature  
and inc ludes  r a d i a t i v e  and eddy hea t  t r a n s f e r  i n  the  atmosphere and molec- 
u l a r  conduction i n  t h e  s o i l .  A cons tan t  eddy mixing c o e f f i c i e n t  K ,  i s  
assumed f o r  t he  atmosphere. Ca!cu?atlons with K = lo4 cm2 sec - " ind ica t e  
t h a t  t he  d i u r n a l  range a t  a height  of -1.5 km i s  about 12 percent  of t he  
s u r f a c e  d i u r n a l  range while a t  -3 km i t  is  about 3 percent  of t he  s u r f a c e  
d i u r n a l  range.  The second model is  f o r  c a l c u l a t i o n  of t h e  d i u r n a l  var i -  
a t i o n  of temperatures and winds. I n  t h i s  model K i s  v a r i a b l e ,  being a 
func t ion  of he igh t ,  wind shea r ,  and Richardson number. Some pre l iminary  
r e s u l t s  of a p a r t i a l l y  successfu l  computer run with t h i s  model are 
presented .  

* 
Numbers i n  [ ] r ep resen t  reference numbers. 

1 



Ci PAGE BMWK NOT RUED. 

1. INTRODUCTION 

This f i n a l  r e p o r t  summarizes r e sea rch  performed dur ing  the  p a s t  year  
under Contract  NASW-1574, P lane tary  Meteorology, with Headquarters,  Nat ional  
Aeronaut ics  and Space Administration. Severa l  problems r e l a t i n g  mainly t o  
t h e  meteorology of Mars were undertaken dur ing  the  course of t h e  year .  
These included:  (a )  t h e  e f f e c t  of t h e  s m a l l  amount of atmospheric water 
vapor on Mars on v e r t i c a l  temperature p r o f i l e s  computed wi th  a thermal  
equi l ibr ium model, (b) t he  s e n s i t i v i t y  of computed Mart ian temperatures  
t o  present  u n c e r t a i n t i e s  i n  carbon d iox ide  abundance and su r face  pressure ,  
( c )  the  a p p l i c a t i o n  of r a d i a t i v e  t r a n s f e r  theory t o  the  problem of t h e o r e t -  
i c a l l y  determining the  thermal s t r u c t u r e  of a p l ane ta ry  atmosphere, and 
(d)  d i u r n a l  v a r i a t i o n s  of temperature and wind on Mars. Except f o r  i tem 
( c ) ,  t hese  s t u d i e s  and t h e  r e s u l t s  obtained a r e  descr ibed i n  d e t a i l  i n  
t he  remainder of t h i s  r epor t .  Item (c )  i n  t h e  sub jec t  of a t echn ica l  
r e p o r t  [ 4 ]  t h a t  has a l ready  been published under t h e  c o n t r a c t ;  t h e r e f o r e ,  
on ly  an a b s t r a c t  i s  included i n  the  p re sen t  f i n a l  r e p o r t .  

3 



2. THERMAL EQUILIBRIUM CALCULATIONS 
FOR THE MARTIAN ATMOSPHERE 

2.1 Introduction 

In Ohring, et al. [l] 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. 
surface pressure of 10 mb, consisted of 60 percent (by mass) C02, and 
contained no water vapor. In reality, the Martian atmosphere does con- 
tain water vapor, although in small amounts. Also, the surface pressure and 
C02 content are somewhat uncertain at the present time. In the present 
study, the effectsof water vapor and the uncertainties in surface pres- 
sure and C02 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. 

The model atmosphere used for the computations had a 

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 energy 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. [l]. The thermal 
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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, 

S 

where 8 is temperature. For computation of the infrared cooling rates, the 
model of Rodgers and Walshaw [ 4 ]  is used. 
level z due to a spectral interval of an absorption band is given by 

The infrared cooling rates at 

Z 

where z ,  the vertical coordinate, is given by z = an 9; cp = p/po, the ratio 
of atmospheric pressure at level z to surface pressure; g is the gravitational 
acceleration; c is the specific heat at constant pressure; B is the black- 
body flux for tRe 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 . 3 ~  
band and the rotation band at wavelengths greater than 16p. For the low 
temperatures in the Martian atmosphere, most of the blackbody energy is 
found at the higher wavelengths. 
only 2 percent of the energy is below h = 8p, whereas over 65 percent of the 
energy is above h = 161.1. Thus, for the calculations we may assume that only 
the water vapor rotational band is of importance on Mars. 

For example, at a temperature of 200°K, 

The transmittance for a spectral interval within the water vapor rota- 
tional band may be written as [ 4 ]  

T ( z , z ' )  = exp (3 )  

where d 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-2 
along the path, 6 is the mean line spacing, and the factor 1.66 is intro- 
duced as a multiple of ZI to approximate flux transmission. 

Letting A = 1.66k/6 and B = 1.66k/n, we have 

T(z,z') = exp [- ( 1 + - 3 . 
6 



The mean half-width between two levels is obtained with the use of 
the Curtis-Godson approximation. 

where Q, is the half-width at standard pressure, ps ,  
temperature, 0s; and 8 is a representative temperature of the Martian atmo- 
sphere, assumed to be 200°K. 
includes a correction, following Rodgers and Walshaw [ 4 ] ,  for the effect 
of temperature on line intensities. 

and standard 

The amount of water vapor between two levels 

where w is the mass mixing ratio of water vapor, and 

loge o(e) = a(O - 260) + b(8 - 260)  2 

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 appropr ia te  cons t an t s  f o r  t he  s p e c t r a l  i n t e r v a l s  of t h e  r o t a t i o n a l  
water vapor band a r e  l i s t e d  i n  Table 1. 

The expression f o r  t h e  ha l f -wid th ,  Equation (5) ,  i m p l i c i t l y  assumes 
t h a t  Doppler broadening i s  n e g l i g i b l e  compared t o  Lorentz broadening. The 
he igh t  i n  the  Martian atmosphere a t  which Doppler broadening s t a r t s  t o  
become important can be determined from the  fol lowing equat ion  (see 
References 2 and 4 ) .  

where y = C Y L / ~ D ,  t he  r a t i o  of Lorentz half-width t o  Doppler ha l f -wid th ;  and 
7 = kWps/2mL g. 
and f o r  a watgr vapor amount of l o p  p r e c i p i t a b l e  water ,  which i s  equiva len t  
t o  a mixing r a t i o  of 3.73 x q i s  about 3 x lo3. 
t h i s  value of v leads t o  a value of about 0.04 f o r  y. 
cm-l [ 4 ] ,  q = 2 x cm". 
corresponding t o  t h i s  value of cxL i s  

For the  s t ronge r  s p e c t r a l  i n t e r v a l s ,  f o r  example, N o .  3 ,  

From Equation (13) ,  
Since aD is  5 x 

The p res su re  l e v e l  i n  t h e  Martian atmosphere 

L - 
ps - x lo3 = 4 x 10 -1 mb . cr. 

5 x 
p = -  

S 
aL 

For a Martian atmosphere s c a l e  he ight  of 9 km and su r face  p re s su re  of 10 mb, 
t h i s  corresponds t o  a he igh t  of 2 9  km. 

To evaluate  Equation ( 2 ) ,  expressions f o r  B,  t h e  blackbody f l u x  i n  a 
s p e c t r a l  i n t e r v a l ,  a r e  requi red .  The blackbody f l u x  i n  any s p e c t r a l  i n t e r v a l  
may be w r i t t e n  as 

3 :2 C , V  d v  
1 B = x  

exp(c2 i) - 1 
v1 

where v i s  wavenumber, B, i s  the  Planck i n t e n s i t y ,  c 1  = 1.1909 e rgs  cm -2 s e c  -1 

ster-1, c2 = 1.4389 cm deg-1, and 0 i s  temperature.  
v = c2v/8,  Equation (15) becomes 

With t h e  s u b s t i t u t i o n ,  

- ncle4 7 v3dv . 
ev - 1 4 

c2 v1 
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TABLE 1 

CONSTANTS FOR WATER VAPOR ROTATIONAL BAM) [4] 

k/6 mo/6 a b Spec t ra l  Spec t ra l  
Region I n t e r v a l  g-1 cm 2 deg” deg’2 

1 0-40 579.75 0.093 -6.75 8.55 

2 40-160 72 10.3 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 
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Equation (16) can be bro4en down t o  

For v < 3.5,  - 

V 
6 

V 
4 

V 
2 v v  ,I” - -  v3dv E .3( f - - + - - -  

V 8 60 5040 i- 272160 - 13,305,600 
’ e - 1  
0 

For v > 3.5 

(see Reference 5 ) .  

The t o t a l  i n f r a red  cool ing  due t o  water vapor i s  the  sum of t h e  coo l ing  
r a t e s  i n  each of t h e  s p e c t r a l  i n t e r v a l s  computed from Equation (2 ) .  The 
downward f l u x  a t  t h e  su r face  i n  t h e  water vapor band i s  computed i n  a manner 
s imilar  t o  t h a t  u s e d  f o r  CO2 [l]  except  t h a t  t h e  appropr i a t e  t ransmiss ions  
and blackbody energy f o r  water vapor a r e  used. 

The hea t ing  of  t h e  atmosphere due t o  abso rp t ion  of near  i n f r a r e d  s o l a r  
r a d i a t i o n  by water vapor i s  computed us ing  Houghton’s [6]  method. The 
average d i u r n a l  hea t ing  r a t e  a t  a pressure  l e v e l  p i s  given by 

where cos $ i s  the average cos ine  of t h e  s o l a r  z e n i t h  angle  f o r  t h e  day, 
r i s  t h e  f r a c t i o n  of t h e  day t h e  sun i s  sh in ing ,  IOj i s  the  i n t e n s i t y  of 
s o l a r  r a d i a t i o n  p e r  wavenumber i n  the  1 - t h  abso rp t ion  band, and AQ i s  t h e  
i n t e g r a t e d  absorp t ion  of t he  l - t h  band f o r  t h e  atmospheric column extending  
from t h e  top of t he  atmosphere t o  t h e  p re s su re  l e v e l  p along a s l a n t  p a t h  
p a r a l l e l  t o  t h e  s o l a r  beam, and t h e  summation extends over t h e  nea r  i n f r a -  
red absorp t ion  bands of water vapor. Because of t h e  s m a l l  amount of water 
vapor on Mars a weak band form f o r  t h e  i n t e g r a t e d  abso rp t ion  a p p l i e s .  

10 



where 6 = p / 2  (mb), and m i s  the  water vapor path l eng th  i n  p r e c i p i t a b l e  cm. 
For a water  vapor mixing r a t i o  w, t h e  water vapor pa th  length  i s  

where p i s  i n  mb. 

For dAQ/dp, w e  o b t a i n  

The values  of a i  and Ioj a t  Mars mean d i s t a n c e  from t h e  sun f o r  t h e  
near  i n f r a r e d  bands of water vapor a r e  l i s t e d  i n  Table 2 [6].  

The s o l a r  f l u x  reaching  t h e  sur face  i s  computed as i n  Ohring, e t  a l . [ l ]  
except  t h a t  t he  absorp t ion  of s o l a r  r a d i a t i o n  by water vapor can  now be 
included . Thus, 

where S i s  t h e  amount of s o l a r  r a d i a t i o n  reaching the  su r face ,  A i s  t h e  
Martian p l ane ta ry  albedo,  So i s  t h e  i n t e n s i t y  of s o l a r  r a d i a t i o n  a t  Mars' 
d i s t a n c e  from t h e  sun, t he  s u b s c r i p t g  r e f e r s  t o  t h e  s u r f a c e ,  and t h e  s u m a -  
t i o n  i s  over t h e  nea r - in f r a red  bands of bo th  carbon d iox ide  and water vapor. 

g 

These procedures f o r  w a t e r  vapor r a d i a t i o n  e f f e c t s  were incorpora ted  
i n t o  t h e  thermal equ i l ib r ium computer program descr ibed  i n  Ohring, e t  a l . [ l ] .  

2.3 E f f e c t  of Water Vapor on Thermal 
Equi 1 i b r  ium Ca lcu l a  t ions 

Water vapor w a s  f i r s t  de t ec t ed  spec t roscop ica l ly  on Mars by Kaplan, 
Munch, and Spinrad [7] .  They de tec ted  weak abso rp t ion  f e a t u r e s  nea r  8200g 
and de r ived  a n  abundance of 14f7p of p r e c i p i t a b l e  water. More r ecen t  
spec t roscop ic  observa t ions  [a] y i e l d  t y p i c a l  amounts of water vapor of t h e  
o rde r  of  10-2Op p r e c i p i t a b l e  water. Photometric observa t ions  have y i e lded  
200p p r e c i p i t a b l e  water [9] and, more r ecen t ly ,  4 5 p  p r e c i p i t a b l e  water [ lo ] .  
Thus t h e  i n d i c a t i o n s  are t h a t  t h e  average amount of water vapor on Mars i s  
between l o p  and loop wi th  t h e  most probable va lue  c l o s e r  t o  lop.  

11 



TABLE 2 

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

Region 
(11) 

a erg cm -2 sec-l(cm IO - 1 p  

6.3 

2.7 

1.9 

1.4 

1.1 

0.9 

150 

81 

4 0  

20 

2 

2 

3.03 

1 2 . 6  

2 0 . 4  

28.1 

31.0 

31.2 
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The amount of water vapor i n  p r e c i p i t a b l e  cm of water i s  given by 
m 

J P H 2 0  d z  
0 P.W. = 

where % i s  t h e  water  vapor dens i ty ,  and ;sw i s  t h e  d e n s i t y  of l i q u i d  
water ,  
tude ,  Equation (25) can  be wr i t ten  as 

1 g cm-3. I f  t h e  water vapor mixing r a t i o  i s  cons tan t  with a l t i -  

m 

w J r p d z  

0 P.W. = 

OW 

where p i s  t h e  Mart ian atmospheric d e n s i t y ,  and w i s  t h e  water  vapor mixing 
r a t i o ,  b20/~.  With t h e  use  of t h e  h y d r o s t a t i c  equat ion,  w e  can o b t a i n  t h e  

fo l lowing  express ion  f o r  w. 

where po i s  the  s u r f a c e  pressure.  A va lue  of lop of p r e c i p i t a b l e  water 
corresponds t o  a mixing r a t io  of 3 . 7 3  x 1 0 0 ~  corresponds t o  
w = 3 . 7 3  10-4. 

To eva lua te  the  e f f e c t  of water vapor,  c a l c u l a t i o n s  of t he  mean d a i l y  
v e r t i c a l  temperature p r o f i l e  were performed f o r  80"s  l a t i t u d e  a t  t he  t i m e  
of t h e  southern  hemisphere summer s o l s t i c e  (6, s o l a r  dec l ina t ion ,  = -24" )  
and f o r  a su r face  pressure  of 10 mb. A f o u r - l a y e r  atmosphere computing 
model i s  used. An a lbedo of 30 percent  i s  assumed and a value of 0.269 f o r  
( ~ - l ) / y ,  where y i s  the  r a t i o  of t h e  s p e c i f i c  h e a t  a t  cons tan t  pressure  t o  
t h e  s p e c i f i c  h e a t  a t  cons tan t  volume, i s  used. Five d i f f e r e n t  experiments 
were performed f o r  var ious  combinations of carbon d ioxide  and water vapor 
abundance. The computed surface temperatures  f o r  t hese  f i v e  experiments 
are l i s t e d  i n  Table 3 .  The f i r s t  experiment i n d i c a t e s  t h a t  a su r face  
temperature  of 254.0"K i s  obtained without  inc luding  water vapor.  
second experiment i n d i c a t e s  the e f f e c t  of l o p  of p r e c i p i t a b l e  water - an  
amount c o n s i s t e n t  w i th  t h e  ava i l ab le  observa t ions .  This amount of water 
vapor  inc reases  the  Martian greenhouse e f f e c t  on ly  s l i g h t l y ,  t he  new su r face  
temperature  being 254.5"K. I n  the  t h i r d  experiment,  the  assumed water vapor 
amount i s  1 O O b  p r e c i p i t a b l e  water, o r  10 t i m e s  t h e  observed amount. The 
computed su r face  temperature i s  255.5"K, only 1.5"K h igher  than  i n  t h e  pure 

The 
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TABLE 3 

COMPUTED MARTTAN SURFACE TEMPERATURES FOR VARIOUS 
COMBINATIONS OF C02 AND H20 AMOUNTS 

(LATITUDE -80" ; S O U R  DECLINATION - 2 4 " )  

~~~~ ~~~~ ~~ ~ ~ ~~ - 

Mixing R a t i o s  C o m p u t e d  
Surface T e m p e r a t u r e  

(OK) 

c02 H2° E x p e r i m e n t  No. 

1 

2 

3 

4 

0.6 0 254.0 

0.6 0.373 x 254.5  

0.6 0.373 x 255.5 

0 0.373 x 244.9 

5 0 0.373 x 245.7 
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C02 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. 
temperature would drop some lOoK to about 245°K. 
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 surface 
This temperature is within 

The vertical temperature profiles with and without water vapor also 
show only small differences. 
temperature profiles - one for carbon dioxide alone, the other for carbon 
dioxide plus loop 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. 

In Figure 1 is shown a comparison between two 

Figure 2 shows a comparison between a temperature profile computed 
with both carbon dioxide and water vapor, and one for water vapor alone. 
With water vapor alone, the temperatures are about 10 degrees lower at all 
leve 1s . 

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 iatitudinal temperature variations 
computed by Ohring, et al. [l] 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 O K .  

2.4 Sensitivity of Computed Martian Temperatures to Present 
Uncertainties in C02 Abundance and Surface Pressure 1 

Despite the new information provided by the Mariner IV radio occulta- 
tion experiment [ll] 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 C02 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, 
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an upper l i m i t  surface p re s su re  model, and a lower l i m i t  s u r f a c e  p re s su re  
model. 
atmospheric model is used f o r  t he  computations.  A l l  c a l c u l a t i o n s  are 
performed f o r  the mean annual  condi t ion  of s o l a r  i n s o l a t i o n  on Mars and 
f o r  an albedo of 0.30. The computed temperature p r o f i l e  i s  thus  a t h e o r e t -  
i c a l  e s t ima te  of t h e  mean annual  v e r t i c a l  temperature  p r o f i l e ,  o r  s tandard  
atmosphere temperature p r o f i l e ,  f o r  Mars. 

Both C02 and H20 r a d i a t i v e  e f f e c t s  are included and a fou r - l aye r  

A s  the  composition of a p l ane ta ry  atmosphere changes, so do such 
thermodynamic constants  as t h e  r a t i o  of s p e c i f i c  h e a t s ,  t h e  a d i a b a t i c  
l apse  r a t e ,  and the molecular weight of t h e  atmosphere. To separate t h e  
e f f e c t  of t h e s e  changes on t h e  temperature p r o f i l e  from the  e f f e c t  of 
changes s o l e l y  due t o  p re s su re  and C02 abundance, two sets  of c a l c u l a t i o n s  
were performed. I n  the  f i r s t  s e t ,  t he  su r face  p re s su re  and C02 abundance 
were va r i ed  but  the thermodynamic cons tan ts  were assumed equal  t o  those  
of the nominal mean sur face  p re s su re  model. I n  t h e  second s e t ,  thermo- 
dynamic cons tan ts  appropr i a t e  t o  each of t h e  pressure-composi t ion models 
were used. I n  both s e t s  of experiments,  it is assumed t h a t  n i t rogen  i s  
the  o the r  component of t he  atmosphere. 

The physical  models f o r  t h e  f i r s t  s e t  of experiments a r e  depic ted  i n  
Table 4 .  I n  t h i s  t a b l e ,  p i s  t h e  su r face  pressure ,  m i s  t he  molecular 
weight of the  atmosphere, y is  t h e  r a t i o  of t h e  s p e c i f i c  hea t  a t  cons t an t  
p re s su re  of t he  s p e c i f i c  h e a t  volume, cp  i s  t h e  s p e c i f i c  h e a t  a t  cons t an t  
p re s su re ,  and rad i s  the  a d i a b a t i c  lapse r a t e .  

g 

The computed temperature  p r o f i l e s  f o r  t h i s  s e t  are  shown i n  Figure 3 .  
They a r e  q u i t e  s imi l a r ,  i n d i c a t i n g  t h a t  v a r i a t i o n s  of C02 abundance and 
su r face  pressure  over  t h e  range c u r r e n t l y  a s soc ia t ed  wi th  the u n c e r t a i n t i e s  
i n  t h e s e  parameters changes the  greenhouse e f f e c t  and thermal equi l ibr ium 
temperatures  only s l i g h t l y  . The lowest s u r f a c e  temperature  (2 15.4 O K )  

occurs  wi th  t h e  5-mb model, t he  h ighes t  (216.2"K) wi th  the  12-mb model. 
A t  upper l e v e l s ,  t h e  temperature  f o r  t h e  5-mb model a r e  a few degrees 
h igher  than  f o r  the  o the r  models. 
e f f e c t  depends upon the  product of C02 abundance and s u r f a c e  p re s su re ,  and 
s i n c e  t h e  5-mb model  has t h e  lowest va lue  of t h i s  product ,  it is t o  be  
expected t h a t  the s u r f a c e  temperature  f o r  t h i s  model would be less than  
f o r  t he  o the r  models. 
a t i o n  and outgoing thermal r a d i a t i o n  a t  t h e  top  of t h e  atmosphere, t h e  
upper l e v e l  temperatures f o r  t h e  5-mb model must then  be s l i g h t l y  h igher  
than f o r  t h e  other models. The major p o i n t ,  however, i s  t h e  r e l a t i v e  
i n s e n s i t i v i t y  of t h e  temperatures  t o  the  v a r i a t i o n s  i n  C02 abundance and 
su r face  pressure .  The computed su r face  temperature  of 215"K, which r ep re -  
s e n t s  t h e  mean surface temperature of Mars, i s  i n  good agreement wi th  t h e  
mean s u r f a c e  temperature deduced from microwave observa t ions  : 22O0K+15"K[ 151. 

Since t h e  magnitude of t h e  greenhouse 

To main ta in  a balance between incoming s o l a r  r a d i -  

I n  t h e  second s e t  of computations,  thermodynamic cons t an t s  appropr i a t e  
t o  each of t he  pressure-composition models were used.  The phys ica l  models 
f o r  t he  second se t  of computations a r e  depic ted  i n  Table 5 .  
thermal  equi l ibr ium temperature  p r o f i l e s  a r e  shown i n  F igure  4 .  Changes 

The computed 
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i n  the  thermodynamic cons t an t s  and molecular weight a f f e c t  t he  a d i a b a t i c  
l apse  r a t e  and t h e  s c a l e  he igh t  of t he  atmosphere. Thus, t h e  d i f f e r e n c e s  
i n  these  t h r e e  temperature versus he igh t  p r o f i l e s  are a r e s u l t  of both a 
change i n  t h e  magnitude of t he  greenhouse e f f e c t  and changes i n  t h e  a d i a -  
b a t i c  lapse  r a t e  and atmospheric s c a l e  h e i g h t .  The s u r f a c e  temperatures  
remain the  same as those computed f o r  t he  f i r s t  s e t .  The v e r t i c a l  p r o f i l e s  
d i f f e r  somewhat more than they d o  f o r  t he  f i r s t  s e t  due t o  the  i n c l u s i o n  
of the  appropr i a t e  a d i a b a t i c  lapse r a t e  and molecular weight f o r  each 
model atmosphere. But aga in ,  the major f ind ing  i s  t h e  r e l a t i v e  i n s e n s i -  
t i v i t y  of t he  thermal equi l ibr ium temperature p r o f i l e s  t o  v a r i a t i o n s  i n  
model atmosphers f o r  Mars t h a t  cover the  range of present  u n c e r t a i n t i e s  
i n  su r face  p re s su re  and C 0 2  abundance. 

These r e s u l t s  i n d i c a t e  t h a t  even with c u r r e n t  u n c e r t a i n t i e s  i n  C 0 2  
abundance and su r face  pressure ,  it i s  poss ib l e  t o  o b t a i n  good e s t ima tes  
of average Mart ian su r face  and atmospheric temperatures .  Such estimates 
a r e  needed f o r  des ign  of space probes t o  Mars. I f  it were t h e  o the r  way 
around - t h a t  i s ,  i f  t h e  v e r t i c a l  temperature s t r u c t u r e  w a s  extremely 
s e n s i t i v e  t o  v a r i a t i o n s  i n  surface pressure  and carbon d ioxide  abundance - 
t h e  engineer ing app l i ca t ions  of t h e o r e t i c a l  es t imates  of temperature  would 
be l imi t ed .  

I t  i s  of i n t e r e s t  t o  compare t h e  magnitude of t h e  Mart ian greenhouse 
e f f e c t ,  as computed from t h i s  thermal equi l ibr ium model f o r  mean annual  
cond i t ions ,  wi th  t h e  magnitude of t h e  greenhouse e f f e c t  on Ear th .  
magnitude of the  greenhouse e f f e c t  may be def ined as t h e  inc rease  i n  
su r face  temperature above i t s  r a d i a t i v e  equi l ibr ium va lue  i n  t h e  absence 
of an i n f r a r e d  absorbing atmosphere. On Ear th ,  t he  average su r face  t e m p e r -  
a t u r e  i n  the  absence of an atmosphere would be 2 5 2 ° K .  Largely due t o  p r e -  
sence of water vapor, i n  an amount over lo3 g r e a t e r  than the  Martian water 
vapor abundance, a greenhouse e f f e c t  of about 3 6 ° K  i s  produced. Thus, t h e  
observed average su r face  temperature on Ear th  i s  2 8 8 ° K .  
average s u r f a c e  temperature i n  the absence of an atmosphere would be about 
2 0 8 ° K .  The presence of carbon d ioxide ,  i n  an amount about 30 t i m e s  i t s  
abundance on Ea r th ,  causes  a greenhouse e f f e c t  of about 8 ° K .  

The 

On Mars, t h e  

Another i n t e r e s t i n g  comparison may be made between a temperature  pro-  
f i l e  computed on the  b a s i s  of thermal equi l ibr ium and one computed on t h e  
b a s i s  of pure r a d i a t i v e  equi l ibr ium. F i g u r e  5 shows such a comparison. 
Both p r o f i l e s  were computed using the  phys ica l  parameters of experiment 1 
and a r e ,  t h e r e f o r e ,  r ep resen ta t ive  of average condi t ions  on Mars. The 
s u r f a c e  temperature of t h e  pure r a d i a t i v e  equi l ibr ium p r o f i l e  i s  only a 
few t e n t h s  of degree higher  than t h e  thermal equi l ibr ium su r face  tempera- 
t u r e .  A t  a l l  l e v e l s  i n  the  atmosphere, however, the pure r a d i a t i v e  e q u i l i b -  
rium temperatures  a r e  lower than the  thermal equi l ibr ium temperatures .  A 
supe r -ad iaba t i c  lapse  r a t e  i s  present  i n  the  lower l aye r s  of t he  r a d i a t i v e  
equ i l ib r ium p r o f i l e .  
taken i n t o  cons ide ra t ion  i n  t h e  thermal  equi l ibr ium c a l c u l a t i o n s  bu t  n o t  
i n  t h e  r a d i a t i v e  equi l ibr ium ca lcu la t ions .  

These d i f f e rences  a r e  due t o  convect ion,  which i s  
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I n  Table 6 a r e  l i s t e d  t h e  magnitudes of t he  va r ious  terms t h a t  d e t e r -  
mine the  su r face  temperature  of t he  thermal equ i l ib r ium model f o r  t he  mean 
annual  condi t ion  on Mars. It  is  q u i t e  obvious t h a t  t h e  su r face  tempera- 
t u r e  i s  con t ro l l ed  by t h e  s o l a r  f l u x  reaching the  su r face .  The convect ive 
f l u x  i s  almost two o rde r s  of magnitude l e s s ,  and t h e  t o t a l  downward in f r a red  
f l u x ,  Fl.tOtY almost one o rde r  of magnitude less,  t hen  the  s o l a r  f l u x .  On 
Ear th ,  t h e  convect ive lux is about 1/5 o f ,  and t h e  downward in f r a red  f l u x  
about  twice,  t h e  s o l a r  f l u x  absorbed a t  t h e  s u r f a c e  [16],  a consequence of 
t h e  much g r e a t e r  greenhouse e f f e c t  on Ear th .  On Mars, t h e  downward i n f r a r e d  
flux due t o  water vapor i s  one order  of magnitude less than  t h a t  due t o  
carbon d ioxide .  On Ear th ,  t h e  s i t u a t i o n  i s  reversed  and t h e  downward f l u x  
due t o  water vapor i s  g r e a t e r  than t h a t  due t o  carbon d ioxide .  

2 . 5  Conclusions 

The small  smount of water  vapor on Mars plays only a minor r o l e  i n  t h e  
r a d i a t i v e  t r a n s f e r  of h e a t  i n  the Martian atmosphere. A s  a r e s u l t ,  t he  
su r face  temperature and v e r t i c a l  temperature p r o f i l e  a r e  not  s i g n i f i c a n t l y  
changed by inc luding  water vapor i n  c a l c u l a t i o n s  wi th  a thermal equi l ibr ium 
model. For example, t h e  Martian su r face  temperature  i s  increased by only 
1°K due t o  the  presence of w a t e r  vapor.  This i s  i n  c o n t r a s t  t o  t he  E a r t h ' s  
atmosphere where water vapor plays the  dominant r o l e  i n  producing a green- 
house e f f e c t  of about  35°K. 

Thermal equi l ibr ium ca lcu la t ions  of t h e  mean s u r f a c e  temperature and 
mean v e r t i c a l  temperature p r o f i l e  on Mars i n d i c a t e  t h a t  t h e  temperatures 
a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  va r i a t ions  i n  su r face  p re s su re  and carbon 
d ioxide  abundance over t h e  range r e p r e s e n t a t i v e  of c u r r e n t  u n c e r t a i n t i e s  
i n  these  parameters.  Thus, even wi th  present  u n c e r t a i n t i e s  i n  su r face  
p re s su re  and carbon d ioxide  abundance, it i s  p o s s i b l e  t o  o b t a i n  good e s t i -  
m a t e s  of average Martian surface and atmospheric temperatures .  

Compared t o  a greenhouse e f f e c t  on Ea r th  of about  35"K, t he  average 
Mart ian greenhouse e f f e c t  i s  computed t o  be 8°K. The downward in f r a red  
energy f l u x  a t  t h e  Martian sur face  i s  almost one o rde r  of magnitude less 
than  the s o l a r  energy f l u x  absorbed a t  t h e  s u r f a c e .  On Earth,  t he  downward 
i n f r a r e d  f l u x  i s  about twice the s o l a r  energy f l u x  absorbed a t  t he  su r face .  
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TABLE 6 

MAGNITUDES OF TERMS I N  SURFACE 
HEAT BALANCE EQUATION 

(ergs cm-2 sec-1) 

Solar 
Flux 

Convective F4 
F lux  c02 F4 t o t  F1. 

H2° 

4 2.2x10 3 1 . 6 ~ 1 0  4 2. lx lO 3 1 . 6 ~ 1 0  5 1.2x10 5 1.OxlO 
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3 .  RADIATIVE 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-NY 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 ATMOSPHERFS 

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 In t roduc t ion  

Earth-based i n f r a r e d  window observa t ions  of t h e  thermal  emission from 
Mars i n d i c a t e  t h a t  the  d i u r n a l  temperature  v a r i a t i o n  of t h e  Mart ian su r face  
i s  about 100°K [ 1 7 ] .  
range of t h e  E a r t h ' s  su r f ace .  The ques t ion  arises of how much of t h i s  
d i u r n a l  range i s  imparted to  the Mart ian atmosphere, and t o  what he igh t s  
i t  propagates .  For i f  a l a r g e  part  of t h e  su r face  temperature  range i s  
propagated t o  he igh t s  of t h e  order of k i lometers ,  Martian meteorology 
would be s i g n i f i c a n t l y  a f f ec t ed .  Associated with such l a r g e  d i u r n a l  t e m p e r -  
a t u r e  changes would be pressure  v a r i a t i o n s  and wind v a r i a t i o n s .  
case ,  t h e  d i u r n a l  per iod would have t h e  same s i g n i f i c a n c e  as does t h e  annual  
cyc le .  
per iod  is  only ofconsequence t o  small scale meteoro logica l  v a r i a t i o n s ,  which 
are of concern t o  micrometeorologists who s tudy t h e  nea r  su r face  atmosphere 
b u t  no t  t o  meteoro logis t s  concerned wi th  t h e  l a rge - sca l e  dynamics of t h e  
atmosphere. Since t h e r e  are no observa t ions  of t h e  d i u r n a l  range of t emper -  
a t u r e  i n  the  Mart ian atmosphere, one must a t t a c k  t h e  problem t h e o r e t i c a l l y .  

This  i s  f i v e  t o  t e n  t i m e s  t h e  d i u r n a l  temperature 

I n  such a 

This  would r ep resen t  a major d i f f e r e n c e  from Ear th ,  where t h e  d i u r n a l  

On Ear th  t h e  d i u r n a l  temperature wave i s  propagated upwards l a r g e l y  
3y an eddy conduction process ,  r a d i a t i v e  processes  be ing  r e l a t i v e l y  uniiiipor- 
t a n t .  I n  such a conduction process,  t he  amplitude of t h e  d i u r n a l  wave 
decreases  exponent ia l ly  wi th  a l t i t u d e .  A t  a he igh t  of one ki lometer  on 
Ea r th ,  the  d i u r n a l  temperature range i s  n e g l i g i b l e .  On Mars, t h e r e  are 
t h e o r e t i c a l  i nd ica t ions  t h a t  t h e  d i u r n a l  temperature wave propagates t o  
h ighe r  a l t i t u d e s .  I n  a s tudy  of r a d i a t i v e  r e l a x a t i o n  t imes,  Goody and 
Bel ton  [18] f i n d  t h a t  r a d i a t i v e  processes  i n  t h e  Mart ian atmosphere are 
extremely rap id  compared t o  the E a r t h ' s  atmosphere. A s  a r e s u l t ,  they 
suggest  t h a t  r a d i a t i v e  processes w i l l  cause a propagat ion of t h e  d i u r n a l  
temperature  wave t o  g r e a t e r  a l t i t u d e s  on Mars. They suggest  a dua l  wave 
p a t t e r n .  One wave near t h e  surface where eddy d i f f u s i o n  dominates; t he  
o t h e r  wave away from t h e  sur face  where r a d i a t i o n  dominates.  
t h a t  t h e  e n t i r e  Martian troposphere has an  average d i u r n a l  v a r i a t i o n  of 
2 0  percent  of t h a t  a t  the sur face .  

They i n d i c a t e  

The only o the r  work on d iu rna l  v a r i a t i o n s  i n  t h e  Mart ian atmosphere 
has  been performed by Neubauer [19] and Leovy [ZO]. Neubauer assumes t h a t  
r a d i a t i v e  t r a n s f e r  can  be neglected and t h a t  t h e  d i u r n a l  wave on Mars i s  
propagated upward by an  eddy d i f f u s i o n  process .  I n  t h e  l i g h t  of Goody and 
Be l ton ' s  [18] r e s u l t s ,  t h i s  would appear t o  be a dangerous assumption. He 
f u r t h e r  assumes t h a t  t h e  eddy d i f f u s i o n  c o e f f i c i e n t ,  K ,  i s  only a func t ion  
of he ight  and does not  vary  with t i m e .  For t h e  K(z) dependence, he adapts  
one used by F i she r  [21] f o r  the E a r t h ' s  atmosphere. With t h i s  model, he 
f i n d s  t h a t  t h e  d i u r n a l  temperature range decreases  t o  1/5 of i t s  su r face  
va lue  a t  a he igh t  of 0.5 meters. Leovy inc ludes  both  eddy d i f f u s i o n  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 = hcT 

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(GT -ma) 

where GT is the temperature difference between the two layers, and GTa is 
the adiabatic temperature difference between the two layers. If GT is less 
than 2Ta, h is assumed zero; if GT is greater than CT,, 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. 
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. 
first mode 1. 

The second model assumes that the eddy diffusion coefficient 

In the next section, we discuss the 

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 15p band of C02 
and the rotational band of H 2 0 ,  and absorption of solar radiation by the near- 
infrared bands of C02 and 50. 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 

at 

where IR refers to infrared, S to solar, and E to eddy rates of temperature 
change. Infrared 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 a1.[1] and in Section 2 of this report. The rate of temperature change 
due to eddy heat transfer can be written as 

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

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

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, t h e  following balance equation holds: 
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where t h e  subscr ip t  g r e f e r s  t o  t h e  su r face ,  S i s  t h e  s o l a r  f l u x ,  F J g  i s  
the  downward inf ra red  r a d i a t i o n  from the  atmosphere, 0-T i s  t h e  i n f r a r e d  
emission by the su r face ,  Hg i s  the  eddy f l u x  of h e a t  beEween s u r f a c e  and 
atmosphere, and G i s  t h e  f l u x  of hea t  between s u r f a c e  and subsurface.  
The eddy f l u x  of t e a t  can be w r i t t e n  as 

where 9 i s  t h e  atmospheric d e n s i t y  and c i s  t h e  atmospheric s p e c i f i c  h e a t  
a t  cons tan t  pressure.  The s o i l  f l u x  can be w r i t t e n  as P 

where p i s  t h e  dens i ty  of t h e  s o i l  and c i s  t h e  s p e c i f i c  hea t  of t h e  s o i l .  
The s o l a r  f l u x  and downward i n f r a r e d  r a d i a t i o n  a t  t h e  su r face  are computed 
a s  descr ibed  i n  Ohring, e t  a l . [ l ]  except  t h a t  r a t h e r  than  us ing  t h e  average 
va lue  of t h e  cosine of t he  z e n i t h  angle  f o r  t h e  day, t h e  z e n i t h  angle  
appropr i a t e  t o  the  p a r t i c u l a r  t i m e  s t e p  i s  used i n  t h e  computations.  

To perform t h e  computations va r ious  inpu t  parameters are  requi red .  A s  
a model Martian atmosphere, w e  assume one wi th  t h e  fo l lowing  c h a r a c t e r i s t i c s :  
su r f ace  pressure,  9 mb; C02 percentage by mass, 6 1  pe rcen t ;  H20  abundance, 
l O c t  p r e c i p i t a b l e  water; mean molecular weight,  35.8; and albedo of 0.30. 
For t h e  Martian s o i l  parameters, valuesof  p'c' = 1.26 x lo7 e r g  cm-2 deg-' 
and k' = 7 x l oe5  cm2 sec" are  assumed. 
same as those  derived by Leovy [ 2 2 ]  from an  a n a l y s i s  of S in ton  and S t rong ' s  
[ 1 7 ]  observat ions of t he  d i u r n a l  v a r ' a t i o n  of Mart ian s u r f a c e  temperature.  

t y p i c a l  of n e u t r a l  condi t ions  i n  t h e  atmospheric boundary l aye r  on Earth.  
Temperatures a re  computed a t  10 levels i n  t h e  atmosphere, wi th  0.9-mb 
spacing,  and a t  fou r  l e v e l s  w i th in  t h e  s o i l , w i t h  2-cm spacing.  The lowest 
l e v e l  w i t h i n  the s o i l ,  depth 8.0 cm, i s  assumed t o  have a cons tan t  temper- 
a t u r e ,  2 10°K. 

These s o i l  parameters are t h e  

An eddy mixing c o e f f i c i e n t  of K = 10 t cm2 sec-' i s  assumed. This  va lue  i s  

With t h i s  model, c a l c u l a t i o n s  were performed of t he  d i u r n a l  v a r i a t i o n  
of temperature  a t  the  equator  f o r  a s o l a r  d e c l i n a t i o n  of 0" (nor thern  
hemisphere spr ing  equinox).  Figure 6 shows t h e  canputed d i u r n a l  v a r i a t i o n  
of temperature  a t  t h e  su r face  and t h e  f i r s t  two atmospheric l e v e l s .  The 
time coord ina te  i s  i n  Martian hours ,  wi th  1 Mart ian hour def ined  as 1/24 
of a Martian day. 

The computed s u r f a c e  temperature v a r i a t i o n  may be compared t o  the 
observed sur face  temperature v a r i a t i o n  a t  t h e  Mart ian e q u a t o r i a l  reg ion  
measured by Sinton and Strong [17] .  The agreement between t h e  computed 
su r face  temperatures and those  observed by Sin ton  and Strong,  which have 
e r r o r s  of perhaps f i v e  t o  t e n  degrees  a s soc ia t ed  wi th  them, i s  good. 
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The d i u r n a l  range of temperature a t  8 . 1  mb (-1.5 km) i s  about 12 p e r -  
c e n t  of t h e  range a t  t he  s u r f a c e ;  a t  7 . 2  mb ( -3  km) the  d i u r n a l  range i s  
about 3 percent  of t he  su r face  d i u r n a l  range. 
t o  those  t h a t  would occur i f  r a d i a t i v e  processes  had been neglected i n  t h e  
atmosphere. 
aga te  by 2 Fickian d i f f u s i o n  process .  The r a t i o  of t he  d i u r n a l  range 
a t  he igh t  z t o  t ha t  a t  t he  su r face  can then  be w r i t t e n  as (see, f o r  example, 
Reference 2 3 )  

These values  can be compared 

I n  such a case ,  and with cons tan t  K ,  t h e  d i u r n a l  wave would prop- 

where 

=.\r"? d a y x 2 x K  ' 

4 2  -4 
For K = 10 
1.5 km, and about 1 x a t  a he ight  o f  3 km. This  comparison i n d i c a t e s  
t h a t  r a d i a t i v e  t r ans fe r  r a t h e r  than  eddy heat: t r a n s f e r  i s  p r imar i ly  respon-  
s i b l e  f o r  propagating the  d i u r n a l  temperature wave t o  he igh t s  of one t o  
t h r e e  k i lometers  on Mars. 

cm s e c - l ,  we o b t a i n  a r a t i o  of abcut  1 x 10 a t  a he igh t  of 

The r e l a t i v e  importance of r a d i a t i o n  and eddy h e a t  t r a n s f e r  can a l s o  
be a s c e r t a i n e d  from a comparison of the  computed r a t e s  of temperature 
change due t o  these two processes .  
mid-afternoon (3 p.m. l o c a l  t ime) .  It  i s  obvious t h a t  t he  r a d i a t i v e  rates 
of temperature change a r e  a t  l e a s t  one order  of magnitude g r e a t e r  than  the  
rates of temperature change due t o  eddy hea t  t r a n s f e r  a t  a l l  l e v e l s .  

Table 7 shows such a comparison f o r  

The d i u r n a l  temperature v a r i a t i o n  as computed wi th  t h i s  model leads  
t o  super -ad iaba t ic  lapse  r a t e s  i n  the  lowest t h r e e  k i lometers  of t h e  atmo- 
sphere dur ing  the daytime hours .  This  i s  shown i n  Figure 7 ,  where the  
v e r t i c a l  p r o f i l e s  of atmospheric temperature  a r e  p l o t t e d  f o r  d i f f e r e n t  
t i m e s  dur ing  the day. 
r a t e .  
l apse  r a t e  would l e a d  t o  an  inc rease  i n  K .  
temperature  v a r i a t i o n  t o  propagate  t o  s t i l l  g r e a t e r  he igh t s .  Thus, t h e r e  
i s  a feedback mechanism between r a d i a t i v e  e f f e c t s  and eddy hea t  t r a n s p o r t .  
T h i s  can  only be simulated i n  a model i n  which K i s  permit ted t o  vary.  
Such a model i s  discussed i n  the  next  s e c t i o n .  

Also p l o t t e d  i s  the  s lope  of t he  a d i a b a t i c  l apse  
I n  a model i n  which K i s  v a r i a b l e ,  t he  presence of a supe r -ad iaba t i c  

This  would cause the  d i u r n a l  

4.3 Diurnal  Var ia t ions  of Temperatures 
and Winds (Variable  K Model) 

4 . 3 . 1  In t roduct ion .  - I n  t h i s  s e c t i o n  we develop a numerical  model 
f o r  computing the d i u r n a l  v a r i a t i o n s  of both temperature  and wind on Mars. 
A s  d iscussed i n  t he  previous s e c t i o n ,  t h e  l a r g e  d i u r n a l  v a r i a t i o n  of s u r f a c e  
temperature  i s  propagated through t h e  atmosphere by the  combined e f f e c t s  of 
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TABLE 7 

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

Pressure Leve 1 
(mb 1 

Height 
(km) 

( 2 )Rad. 

8.1 

7.2 

6.3 

5.4 

4.5 

3.7 

2.8 

1.9 

1.0 

1.4 

2.9 

4.5 

6.4 

8.9 

10.8 

13.7 

17.5 

23.3 

49 

9.3 

3.3 

1.7 

0.4 

1.4 

1.5 

1.7 

2.6 

2.0 

0.15 

0.014 

-0.0028 

0.020 

0.011 

0.02 1 

0.015 

0.0083 
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r a d i a t i v e  t r a n s f e r  and eddy hea t  t r a n s f e r .  A s  a r e s u l t  of t h e  d i u r n a l  v a r i -  
a t i o n  of-at inospheric  temperatures,  t h e r e  w i l l  be a d i u r n a l  v a r i a t i o n  of t h e  
eddy momentum t r a n s p o r t  c o e f f i c i e n t ,  K ,  s i nce  t h i s  c o e f f i c i e n t  depends 
upon the  thermal s t r u c t u r e  of the atmosphere. With a d i u r n a l  v a r i a t i o n  
of K t h e r e  w i l l  be a d i u r n a l  v a r i a t i o n  of t he  winds. I f  t h e  d i u r n a l  
temperature wave extends t o  high enough a l t i t u d e s  (of the  order  of kilom- 
e t e r s ) ,  a s i g n i f i c a n t  d i u r n a l  v a r i a t i o n  i n  h o r i z o n t a l  p ressure  g r a d i e n t s  
could t ake  p lace .  This would a l s o  cause a d i u r n a l  v a r i a t i o n  i n  wind. 
However, i n  t he  p re sen t  model we cons ider  only t h e  e f f e c t  of the d i u r n a l  
v a r i a t i o n  i n  K on the winds and assume t h a t  t h e  h o r i z o n t a l  p re s su re  grad-  
i e n t s  a r e  cons tan t  i n  t i m e .  

The major problem i n  t h e  development of a r e a l i s t i c  numerical  model 
of d i u r n a l  v a r i a t i o n s  of temperature and wind on Mars i s  the  proper  choice  
of t he  expressions f o r  t h e  eddy exchange c o e f f i c i e n t s  f o r  hea t  and momentum 
t r a n s p o r t .  I n  t h e  E a r t h ' s  lower atmosphere, K v a r i e s  by o rde r s  of magni- 
tude  i n  the v e r t i c a l  and over t h e  course  of a day. There i s  no d i r e c t  
t h e o r e t i c a l  r e l a t i o n s h i p  between K and o t h e r  phys ica l  parameters,  which 
would permit a de te rmina t ion  of K f r o m f i r s t  p r i n c i p l e s .  However, f o r  t h e  
E a r t h ' s  atmospheric boundary layer ,  semi-empirical  express ions  have been 
der ived  r e l a t i n g  K t o  v e r t i c a l  temperature g rad ien t ,  wind shea r ,  and he igh t  
above t h e  su r face .  We s h a l l  make use  of such express ions  i n  the  Mart ian 
model. Since K is  a func t ion  of both wind and temperature ,  and s i n c e  wind 
and temperature depend on K through t h e  v e r t i c a l  eddy t r a n s p o r t  mechanism, 
t h e r e  i s  a complex interdependence among K,  temperature ,  and wind. 

It  has been observed i n  the E a r t h ' s  atmosphere t h a t  t h e r e  i s  a t h i n  
atmospheric l aye r  ad jacen t  t o  t h e  su r f ace  i n  which the  v e r t i c a l  momentum 
and hea t  f l uxes  vary l i t t l e  ( less  than  2 0  percent )  with a l t i t u d e .  This  
l a y e r  i s  c a l l e d  t h e  su r face  boundary l aye r  o r  cons tan t  f l u x  l aye r  and i t s  
th ickness  i s  of t h e  o rde r  of 50 meters. Above t h e  cons t an t  f l u x  l aye r  i s  
a t r a n s i t i o n  l a y e r ,  of t h e  order of a ki lometer  i n  th i ckness ,  i n  which 
both  v e r t i c a l  eddy t r a n s p o r t  and t h e  h o r i z o n t a l  p ressure  g rad ien t s  i n f l u -  
ence t h e  wind. Above t h e  t r a n s i t i o n  l aye r  i s  the  f r e e  atmosphere i n  which 
t h e  e f f e c t  of v e r t i c a l  eddy t r anspor t  decreases  and t h e  h o r i z o n t a l  p re s su re  
g r a d i e n t  i s  t he  =sin f a c t o r  c o n t r o l l i n g  t h e  wind. We s h a l l  make use of 
t h i s  three-zone concept i n  t h e  Martian model. However, because t h e  r a d i -  
a t i o n  f luxes  on Mars vary rap id ly  wi th  he ight  i n  the  lowest atmospheric 
l a y e r ,  t he  assumption of a cons tan t  hea t  f l u x  l aye r  i s  probably not  j u s t i -  
f i e d .  Therefore ,  w e  s h a l l  a s sume  t h a t  the  cons tan t  f l u x  l a y e r  on Mars 
a p p l i e s  t o  momentum but  not  t o  hea t .  

' 

I n  a d d i t i o n  t o  the  t h r e e  atmospheric zones, t h e r e  i s  a subsurface 
zone i n  which h e a t  t r a n s f e r  takes p l ace  by conduction. The var ious  zones 
a r e  i l l u s t r a t e d  i n  F igure  8. In  t h i s  diagram z r ep resen t s  he igh t  i n  t h e  
atmosphere, z' r ep resen t s  depth i n  the  s o i l ,  and t h e  LIS  r ep resen t  boundary 
o r  i n t e r f a c e  l e v e l s  of t h e  var ious zones. 
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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 

where 

are 

J -=-(Kg)+Q1+Q2 a6 a 
at az 

0<Z(L1 i (38) 

(39)  

K = eddy exchange coefficient (assumed to be the same for both 
heat and momentum exchange), 

u = west-east velocity component, 
v = south-north velocity component, 
z = height, 
@ = potential temperature, 
Q1, Q2 = rate of change of temperature due to solar heating and 

infrared cooling, respectively. 

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

av 1 - -  at - - fu - -  
P 

a6 1 a - = - -  
at aZ (* 

where p = pressure, 
p = density, 
f = Cor io lis 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 d o  not change with time. 
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In the soil the only equation is the heat conduction equation 

where T' = soil temperature 
K' = thermometric conductivity of soil on Mars. 

The expression for eddy heat transfer exchange coefficient K for the 
constant flux region (0 < z 5 L1) is adopted from Yamamoto and Shimanuki's 
[24] work for the Earth's atmosphere. For 

2 dU unstable conditions: K = (kz) - dz 

stable conditions: K = (kz)2 %[ 1 

where k = Von Karman constant = 0.4, 

z 

U 

= height , 
2 2 %  =(u + v )  , 

CJ = 15, 

p /  = 1/6, 

Ri = Richardson number = dB/ ( 2 7 , 
8 dz 

LJ, = 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. 

Now we can determine K for any given height in the constant flux layer. 
the transition layer (L1 < z 5 %), K is assumed constant with height and 
equal to the value of K obtained at the top of the constant flux region L1. 
For the free atmosphere (Z, < z < L3), K is assumed to decrease linearly 
with height to a value of zero at L3. 

For 
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4 . 3 . 3  Boundary Conditions. - The requi red  parameters a t  t h e  boundaries 
are evaluated as fo l lows .  
L-1, i t  is  assumed t h a t  t h e  temperature i s  cons t an t .  A t  t he  s u r f a c e ,  t he  
wind components are equal  t o  zero and the  s u r f a c e  temperature 8 
mined by t h e  fol lowing balance equat ion  

A t  t h e  lower boundary of t h e  subsurface reg ion ,  

i s  d e t e r -  g 

where Hg i s  t h e  hea t  f l u x  from t h e  atmosphere t o t h e  s u r f a c e  by eddy d i f f u -  
s i o n ,  FgJ i s  t h e  downward in f r a red  f l u x  a t  the  su r face ,  S J i s  t h e  s o l a r  
r a d i a t i o n  reaching the  ground, G 
t h e  s u r f a c e  by molecular conduction, and u i s  S t e f a n ’ s  cons tan t .  
f l u x e s  comprising t h e  su r face  balance equat ion  are determined from t h e  
fo l lowing  express ions  

i s  t h e  h e a t  f l u x  from t i e  subsur face  t o  8 The h e a t  

where t h e  i n t e g r a t i o n  over wavenumber v i s  preformed over the  15p C02 band 
and the  H 2 0  r o t a t i o n a l  band, and T 
t h e  top  of t h e  atmosphere t o  the su r face .  

r e p r e s e n t s  t h e  t ransmiss ion  from 
V ( top )  

IO s 4 = - C O S  + (1 - A ) ( l  - 
R2 

where p /  i s  t h e  s o i l  d e n s i t y  and c /  t h e  s o i l  s p e c i f i c  h e a t .  

A t  t he  boundary between the cons tan t  f l u x  l aye r  and t h e  t r a n s i t i o n  
l a y e r ,  L1, t he  wind components and d e r i v a t i v e s  of t h e  wind are assumed 
cont inuous ac ross  t h e  boundary. 

L3, t h e  boundary cond i t ion  i s  s p e c i f i e d  by the  temperature rates,  
A t  t h e  top  of t h e  f r e e  atmosphere reg ion ,  

30 
at = Ql + Q2 (52 
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where Q1 and Q2 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. 
atmosphere is assumed to be constant with time and equal to the geostrophic 
wind (u = u * v = v ) at that level. 

The wind at the top of the 

g’ g 

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/ At = - n (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, E 

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

where p 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. 
analogs of the time rate of change of p due to diffusive effects (eddy 
transport in the atmosphere, conduction with the soil) we use the implicit 
difference equation 

For the finite difference 

Since for a given time step (ni-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 
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where t h e  s u p e r s c r i p t  1 r e f e r s  to t h e  beginning of t h e  f i r s t  t i m e  s t e p  
( i n i t i a l  t i m e )  and t h e  Superscr ip t  2 t o  t h e  end of t h e  f i r s t  t i m e  s t e p  o r  
beginning of t h e  second time step.  Hence, f o r  t h e  subsurface l e v e l s  (see 
Equation 4 3 ) ,  where K i s  a constant  and t h e  l e v e l s  are equal ly  spaced, t h e  
temperature  a t  t h e  end of t h e  f irst  time s t e p  i s  

For the  t r a n s i t i o n  l aye r  and f r e e  atmosphere, where the  l e v e l s  a r e  
n o t  equa l ly  spaced, w e  o b t a i n  from t h e  f i n i t e  d i f f e r e n c e  analog of Equa- 
t i o n  (40) 

where j+\ r e f e r s  t o  the  l e v e l  midway between l e v e l s  j and j+l. A s i m i l a r  
equa t ion  may be der ived from t h e  v component from Equation (41) .  

For t h e  e n t i r e  atmosphere, w e  o b t a i n  from t h e  f i n i t e  d i f f e r e n c e  analog 
of t he  temperature equat ion (42) 

The winds i n  t h e  cons tan t  f l u x  r e g i o n  are  computed from the  f i n i t e  
d i f f e r e n c e  analogs of Equations (37)  and (38).  Thus, 

/' \ 
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where F i s  the cons t an t  f l u x  i n  t h e  x d i r e c t i o n ,  and 
X 

where F i s  the cons t an t  f l u x  i n  t h e  y d i r e c t i o n .  The values  of t hese  
f l u x e s  are computed from t h e  f i r s t  l aye r  of t h e  t r a n s i t i o n  reg ion .  Thus, Y 

J 

V L 1 + l  - ZLl) 

The surface temperature  a t  n=2 i s  obtained from the  su r face  balance 
equat ion  (47), as follows 

Since F ( 2 ) ,  H ( 2 ) ,  and G ( 2 )  a l l  depend onthe s u r f a c e  temperature ,  a f i r s t  
g g g 

guess of t h e  magnitudes of these  t e r m s  i s  c a l c u l a t e d  from ex t r apo la t ions  
of t h e  atmospheric temperatures and s o i l  temperatures  t o  t h e  su r face .  
Thus, f o r  t h e  atmospheric eddy f l u x  a t  t h e  su r face ,  

where subsc r ip t  1 r e f e r s  t o  the s u r f a c e  l e v e l ,  s u b s c r i p t  2 t o  the  f i r s t  
l e v e l  above the su r face ,  Tg i s  t h e  s u r f a c e  temperature  t h a t  i s  obtained 
from downward l i nea r  e x t r a p o l a t i o n  of t h e  atmospheric temperatures  com- 
puted a t  l eve l s  2 and 3,  
of t he  f i r s t  atmospheric l a y e r  ( s ince  K 1  = 0). S imi l a r ly ,  f o r  t he  s o i l  
hea t  f l u x  , 

Ki1)/2 i s  t h e  average eddy exchange c o e f f i c i e n t  
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where Tg is the surface temperature obtained from upward linear extrapola- 
tion of the subsurface temperature. 

first approximation, Tg(2)[ 11 
from Equation ( 6 4 ) .  Tg(2)[1] is now used to recalculate the surface heat 
fluxes that depend on it and a second approximation Tg(2)[2] is obtained. 
The process is iterated until T (2)[k + 13 - T (2)[k] is less than a 

With these estimates of Hg(2), Gg(2), and a similar one for Fg* (2 1 , a 
is obtained for the surface temperature 

prescribed value. g g 

At this stage we have two complete initial profiles [e (1) , (1) ,v(l) 3 
and [ e  (2) , u(~), v(~)]. 
the diffusion type equations are approximated by the implicit difference 
scheme Equation ( 5 5 ) .  

For all following time steps (n + 1 = 3 ,  4 ,  5 . . . ) ,  

The difference equation for heat conduction in the soil i s  then 

where the primes have been omitted from s o i l  temperatures to simplify the 
presentation. This equation can be transformed to 

where 

Richtmeyer [25] shows how an equation of the form of (68) can be 
transformed to 
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where superscripts (n+l) on the T’s have been omitted for clarity of 
presentation, and 

A ,  
=J 

Ej B - A .  E -i J j-1 

D .  + A .  F.,l 
F = ’  j B - A E  

j 1 j-1 

(73) 

(74) 

E. and Fj can be calculated inductively in order of increasing j, J starting with the boundary condition at the surface level (j=l) where we 
have 

T1 = E 1 2  T + F1 = T1[l] (75) 

and, hence, 

El = 0 and F1 = T1[l] . 
T1[l] is a first estimate of surface temperature based upon 

With Ej and Fj calculated, Tj i s  calculated from Equation (72) starting 
at the lower boundary of the 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. 
radiational temperature change. Thus, for the atmosphere, 

To the temperature change due to eddy heat transport is added the 

is the temperature that would be produced by eddy 

n heat exchange and(Q.)Ct is the additional temperature change due to radi- 

ational processes. 
3 (8j*1))Eddy, K ( S )  is used. 
In the calculation of 

46 



Letting 

For the wind at time step (n-tl), n = 2, 3 ,  ..., in the transition 
region and free atmosphere, the implicit difference equation corresponding 
to Equation (40) is 

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, 

A similar procedure applies to the v component of the wind. 

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, C02 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 1evel.s 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 variations. 
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 
leve 1s (including the surf ace). 

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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5 -2 -1 6 -1 -1 7.22 x 10 e r g  cm sec  ; cp = 8.58 x 10 e r g  g deg ; 0 2  percentage 
by mass, 6 1  percent; H 2 0  mixing r a t i o ,  0; s u r f a c e  p re s su re ,  10 mb; 
molecular  weight of t he  atmosphere, 35.8. a d i a b a t i c  lapse  rate, 4.35OK/lan; 
s p e c i f i c  h e a t  of s o i l ,  1.26 x 107 e r g  g'i; s o i l  d e n s i t y ,  1 g cm-3; thermal  
d i f f u s i v i t y  of s o i l ,  7 x 10-5 cm2 sec-1; temperature  of lowest level of 
s o i l ,  210°K; t i m e  s t e p ,  5 minutes; and s u r f a c e  temperature  i t e r a t i o n  con- 
vergence c r i t e r i o n ,  1". The i n i t i a l  atmospheric and s o i l  p r o f i l e s  are  
shown i n  Table 8. Also shown i n  Table  8 are t h e  f ixed  p res su re  g r a d i e n t s  
computed from t h e  geos t rophic  wind equa t ion  appl ied  t o  the i n i t i a l  winds, 
and t h e  s e p a r a t i o n  of the var ious reg ions  of t h e  atmosphere. The i n i t i a l  
wind p r o f i l e  i s  der ived from i n t e r p o l a t i o n  and e x t r a p o l a t i o n  of t h e  winds 
computed by Leovy and Mintz [26] f o r  t h i s  l a t i t u d e  and t i m e  of year  i n  
t h e i r  numerical  genera l  c i r c u l a t i o n  experiment f o r  Mars. Thus, t h e i r  
wind p r o f i l e  and t h e  ho r i zon ta l  p re s su re  g rad ien t  a s soc ia t ed  wi th  i t  
should be r e p r e s e n t a t i v e  of the l a rge - sca l e  flow. The c a l c u l a t i o n s  
should reveal t h e  d i u r n a l  v a r i a t i o n s  about t h e  l a rge - sca l e  flow t h a t  i s  
introduced by a d i u r n a l l y  varying eddy mixing process .  

The c a l c u l a t i o n s  were s t a r t e d  a t  9 a . m .  l o c a l  Mart ian t i m e  and run  
f o r  twenty-four hours ,  o r  sho r t  of a f u l l  Martian day of twenty-four hours ,  
t h i r t y - s e v e n  minutes.  The c a l c u l a t i o n s  r an  smoothly u n t i l  about  4 p.m. i n  
t h e  a f te rnoon.  A t  t h i s  t i m e  an u n s t a b l e  o s c i l l a t i o n  developed i n  t h e  eddy 
mixing c o e f f i c i e n t  and i n  the  winds. Pre l iminary  a n a l y s i s  of t h e  cause 
o f  t h i s  o s c i l l a t i o n  suggests  t ha t  i t  i s  due t o  the  change i n  formula used 
t o  compute t h e  eddy mixing c o e f f i c i e n t  when t h e  Richardson number changes 
from negat ive  t o  p o s i t i v e ,  or from uns tab le  t o  s t a b l e  condi t ions  [see 
Equat ions ( 4 4 )  and ( 4 5 ) ] .  The change i n  formula leads  t o  a d i s c o n t i n u i t y  
i n  t h e  eddy mixing c o e f f i c i e n t  from one t i m e  s t e p  t o  t h e  next .  This  d i s -  
c o n t i n u i t y  appa ren t ly  leads t o  the uns t ab le  o s c i l l a t i o n .  F u r t h e r  a n a l y s i s  
of t h i s  i n s t a b i l i t y  w i l l  be performed. 

The temperature  v a r i a t i o n  a t  s e v e r a l  atmospheric l e v e l s  up t o  t h e  t i m e  
that  t h e  i n s t a b i l i t y  a rose  i s  p lo t t ed  i n  F igure  9.  Also shown i n  F igure  9 
i s  t h e  computed su r face  temperature f o r  t h e  e n t i r e  twenty-four hour run ;  
t h e  s u r f a c e  temperatures  a f t e r  16 hours  are u n c e r t a i n  because of t h e  
o s c i l l a t i o n  i n  K a t  t h a t  tirnz and are, t h e r e f e r e ,  shewn as  a dashed l i n e .  
The l a g  i n  t h e  t i m e  of maximum temperature  wi th  he ight  i s  ev ident  i n  t h e  
curves .  The computed eddy mixing c o e f f i c i e n t s  dur ing  the  t i m e  per iod 
9 t o  16 hours  w e r e  of t h e  order  of lo5 cm2 sec-l .  

Also obtained f o r  t he  f i r s t  seven hours of t h e  run  are t h e  u and v 
components of t h e  wind and t h e  subsur face  temperatures .  A t  t h e  present  
t i m e ,  t h e s e  r e s u l t s  are s t i l l  undergoing a n a l y s i s .  However, p re l iminary  
a n a l y s i s  sugges ts  t h a t  t he  t reatment  of t he  cons t an t  momentum f l u x  boundary 
c o n d i t i o n  a t  t h e  i n t e r f a c e  between t h e  cons t an t  f l u x  reg ion  and the  t r a n s i -  
t i o n  r e g i a n  can be improved. There i s  a l s o  apparent ly  an e r r o r  i n  t h e  v 
component computations,  whose source i s ,  a t  p re sen t ,  undetermined. 

The problem a reas  discussed above w i l l  be thoroughly analyzed be fo re  
proceeding wi th  f u r t h e r  computations wi th  t h e  v a r i a b l e  K model. 
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4 . 4  Concluding Remarks 

A constant K model for computing the diurnal variation of temperatures 
on Mars has been developed. 
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 hemis here spring equinox. An 
atmospheric eddy mixing coefficient, K, of 104 crn’ 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 model includes both radiative heat transfer 

The development of a variable K model for computing diurnal variations 
of atmospheric temperatures and winds, and diurnal variations of surface 
and subsurface temperatureson Mars has been described. 
eddy mixing coefficient is computed from a semi-empirical formula relating 
K to height above the ground, wind shear, and Richardson number. 
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. 

In this model the 

The model 
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