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A simple linear, baroclinic and primitive equation model which includes both parameterized 
dissipation and a fairly realistic basic state is used to study the seasonal response of the Martian 
atmosphere to the steady-state illfluenee of the orography ~)f Mars. It  is argued that the 
orography possesses a thermal :rod mechanical influence upon the state of the atmosphere. 
The thermal influence, which has a maximum at low latitudes, is a result of the temperature 
anomaly introduced into the atmosphere throughout the troposphere by the orographic feature. 
The resultant heat sources are shown to possess time scales which are much longer than diurnal, 
thus allowing a steady-state background circulation to develop. Using thermal and mechanical 
forcing derived from simple laws, the model is solved nmnerically to provide seasonal distribu- 
tions of the steady-state circulation. 

The steady-state solutions are dominated by the thermal forcing of the Tharsis Ridge region 
and to a lesser degree, by that of the Olympus Mons region. Mechanical orographic forcing 
appears to possess an insignificant, role in determining the low-latitude circulation. The states 
of the winter midlatitudes and tropics and the summer midlatitudes are very different, with 
the former region the most energetic. In the winter midlatitudes the kinetic energy is seen to 
increase with height with the excitation of large-scale and geostrophic near-barotropic eddies. 
In the tropics, the kinelic energy decreases wilh height, and the response is nearly completely 
confined to the longitude-height plane. The transition between these two states occurs abruptly 
in the subtropics. 

Some of these features are similar to the planetary scale and long-period circulation of the 
l()w latitudes of the terrestrial almosphere. Other features require consideration of properties 
inherent in the Martian atmosphere. To study these a simple, continuous analytic model is 
introduced which contains strong dissipation of time scales characterislic of Mars. It is shown 
that one solution, the equatorial Kelvin wave, is nmdified considerable by the strong damping 
and ~hat it dominates the low-latitude circulation. Besides decaying rapidly with height, the 
vertical wave scale is stretched considerably wi~h height by the dissipative processes. Such a 
sIretching is shown to be scale selective and the h)ngest horizontal modes are stretched the 
most in the vertical. Besides allowing an explanation of some features of the Martian atmo- 
sphere, the predominant vertical scale of the equatorial Kelvin wave allows some confidence 
in the choice ()f a two-layer m~)del for the numerical study. 

1. INTROI)UCTION 

Obse rva t ions  m a d e  dur ing  the  M a r i n e r  9 

miss ion suggest  t h a t  the  M a r t i a n  a t m o -  

sphere  is cha rac t e r i zed  by  an e x t r e m e l y  

la rge  CO:  mix ing  ra t io  and surfa(te pressures  

v a r y i n g  be tween  2 and 11 m b ;  pressures  

which  are two  to th ree  orders  of m a g n i t u d e  

a Contribution Number 386,  Department. of 
Atmospheric Sciences, University of Washingt()n. 

less t h a n  typ ica l  t e r res t r ia l  vahles.  Such 

obse rva t ions  are charac te r i s t i c  of an ex- 

t r e m e l y  th in  a t m o s p h e r e  s u r m o u n t i n g  a 

var iable ,  l a rge - am p l i t ude  t o p o g r a p h y  

( C o n r a t h  et al., 197:~; Kl iore  et at., 1973). 

N ine  m a j o r  fea tures  of the  M a r t i a n  

te r r :dn  m ' ty  be seen in Fig.  1, which  shows 

a compi l a t i on  of 5 ° square  m e a n  t o p o g r a p h y  

(Zm'ek, 1976). These  large-scale  fea tures  

are m a d e  up of five e l eva ted  areas : Thars i s  
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FIG. 1. Contours of 5 ° smoothed topography. Plgncipal features referred to in the text are indi- 
cated. The three locations denoted by (X) refer to the sights of the IRIS soundings mentioned 
in Fig. 3 (units: km). 

Ridge, Olympus Mons 2 (the actual maxi- 
mum point elevation of which is in excess 
of 25 kin), Elysium, the Syrtis Major  re- 
gion, and the Hesperia P lanum;  and four 
depressed areas: Chryse, Hellas, Isidis, and 
Vastitas Borealis. Only Hellas and Vastitas 
Borealis are not resident within the tropics 
or subtropics. All possess vertical scales of 
the same order as the atmospheric scale 
height and horizontal scales equal to or 
greater than  the planetary radius. 

The importance of topography in the 
definition of a p lanetary  atmospheric circu- 
lation would appear to be obvious from 
two standpoints.  First, such large-scale 
features should be impor tant  from purely 
mechanical considerations where an inci- 
dent  stream may  be lifted or deviated by 
an orographic obstruction. Second, the 
elevated regions may  act as virtual  heat  
sources to the adjacent  atmosphere. Such a 
role depends upon the radiative properties 
of the atmosphere and the underlying sur- 
face. On Mars the small atmospheric mass 
is effectively t ransparent  to incoming solar 
radiation. However,  the large percentage 
of CO2 in the atmosphere makes it ex- 
t remely active in the infrared, providing a 

2 Note that the older name "Nix Olympica" has 
been used to denote this feature in Fig. 1. 

radiat ive relaxation t ime sufficiently short 
to allow a rapid adjustment  to the local 
radiat ive equilibrium temperature.  Con- 
sidering equal insolation at all points, 
including the elevated surfaces, the surface 
of the planet will be isothermal. In addition, 
there will be only a small thermal  lag at 
the surface as the heat capacity of the soil 
is very  small. Consequently, at similar 
elevations in the free atmosphere, adjacent  
to a mountainous region, the mountain  will 
appear warmer, and, in this manner,  m ay  
act as an elevated heat  source. Such a 
si tuation is shown schematically in Fig. 2, 
where the tempera ture  distribution and the 
tempera ture  anomalies ( temperature  above 
mountain  minus tempera ture  over adjacent  
fiat region) are plotted. Over a depressed 
region (e.g., Hellas) the tempera ture  
anomalies will be negative. Fur thermore  a 
lati tudinal s t ructure  m ay  be expected be- 
cause of the lati tudinal distribution of solar 
heating, with maximum effects occurring 
at low latitudes where the Tharsis Ridge 
region probably acquires some significance 
as a major  relative heat source. 

To illustrate the tempera ture  variat ion 
over the Mart ian  terrain, three IRIS  tem- 
perature  soundings of the Mariner  9 
experiment are shown in Fig. 3. Unfor- 
tunately,  the only soundings available were 
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Fro. 2. Schemalic dislribution ()f atmospheriv lemperalure relative (o an elevated region and 
adjacent plane. The dashed lines denole temperature anomalies (°K) between the elevated region 
and plane. 

made during the decline of the dust storm, 
"it which time the diurnM wu'iation through- 
out the column is considerably greater than 
during nondusty  periods (Conrath, 1975). 
Soundings from Orbits 143, lS7, 197 are 
shown. To reduce the diurnM effect, simihu" 
local times were chosen. Consequently,  
Fig. 3 shows soundings representat ive of 
air columns at different localities and over 
terrains of different elewttions t~t similar 
locM times. The data  are plotted at heights 
relative to the top of the terrain (or, alter- 
natively,  as though the fi-mb surface were 
adjacent to the Mart ian surface). Con-  
sidering first the two subtropicM soundings 
(circled and crossed) the (turves are almost 
coincident, even though the base elevations 
of the terrains differ by S km. ()n the other 
hand, the tropical sounding (dashed) is 
considerably warmer, especially in the lower 
layers. If the soundings were now plotted 
relative to .~t)solute height (simply accom- 
plished in Fig. 3 by moving the soundings 
up or down by the "~ppropriate anmunt  
which c a n  be determined by referencing 
the upper M)scissa scale), we can see that  
the elevated locations possess soundings 
considerably warmer than those o v e r  de- 
pre.ssed regions, as we had inferred from 
Fig. 2. 

The role played by s ta t ionary forcing 
functions in the determinat ion of the 

character  of the Ear th 's  atmosphere has 
received considerable tLttention. Most 
studies (lute back to Rossby et al.'s (1939) 
surmise that  various geographical features 
could excite free modes within the atmo- 
sphere. Charney and Eliassen (1949} were 
the first to consider the perturbat ion of a 
basic flow by orography, while Smagorinsky 
(1953) pointed out the importance of 
longitudinM asymmetries in large-scMe 
heating fields. These, and the subsequent 
studies, suggested that  both the orography 
and heating were important  in maintaining 
the long-term averaged flow in the Earth 's  
atmosphere. The longitudinM asymmetries 
in heating were mainly a result of the 
differing heat c'~pacities of land and oceans. 
()rographic effects, on the other hand, were 
generally concluded to possess only a 
mechanicM (nonthermM) influence, at least 
to first order. Nearer to the equator, the 
large-scale mechanical effect of orography 
becomes unclear. There the large-scMe and 
hmg-period flow acquires a dynamic balance 
between heating and dissipation as rotat ion 
reduces its influence and, in tha t  sense, 
dissipation becomes more important .  In 
fact, much of the character of the large- 
scale flow appears to be determined by the 
diabatie heating fields, which, at. low lati- 
latitudes, is principally latent  heating 
(Webster, 1972, 1973b). The predominang 



LOW-LATITUDE CIRCULATION OF MARS 629 

response of the atmosphere near the 
equator is in the Kelvin wave mode 
(Webster, 1973b). 

The form of the forcing functions on 
Mars may be expected to differ consider- 
ably from that of their terrestrial counter- 
parts, the principal difference arising from 
the absence of oceans and the different 
character of the atmosphere itself. Besides 
providing a lower boundary condition of 
near-infinite heat capacity, the oceans of 
Earth are ultimately responsible for the 
latent heating of the atmosphere. On Mars, 
where the only substantial phase change 
occurs at very high latitudes, with the 
winter deposition of CO2 on the polar cap, 
followed by the spring sublimation, forcing 
of atmospheric motions is restricted to the 
mechanical and thermal effects of oro- 

graphic structures and the latitudinal 
variation of solar heating. 

Modeling of the large-scale circulation of 
Mars appears to start with Leovy and 
Mintz (1969), who used the sophisticated 
UCLA general circulation model, which, 
while allowing CO~ phase transitions and a 
variable surface albedo, did not contain a 
variable terrain. Gierasch and Sagan (1971) 
and Blumsack (1971a, b) were the first to 
consider the generation and deflection of 
winds by heated terrain features for the 
midlatitude Mars subject to both equi- 
nodtial and solstitial conditions. It was 
concluded that the inclusion of orography 
and the recognition of its mechanical and 
thermal effects are necessary to fully 
simulate the Martian circulation. Subse- 
quent models of Mars have dealt with the 
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FIG. 3. Mariner 9 IRIS temperature soundings at three locations. The temperature distribution 
is plotted as a function of pressure (or height) relative to the 6-rob surface. A conversion from 
pressure (rob) as a vertical coordinate to height (kin) may be made via the solid diagonal line. The 
diagonal line relates the right-hand ordinate scale to the upper abscissa scale. The orbit numbers 
to which the dashed, circled, and crossed curves refer are 143, 187, and 197 respectively. 

--~ 4.5 



630 PETER J. WEBSTER 

dirunal thermal tide and the role of the 
variable and heated terrain in its excitation 
(Blumsack et al., 1973; Zurek, 1976). 
Zurek found a hierarchy of planetary modes 
that  were excited by the traveling solar 
heat source and heated terrain combination. 
More recently Mass and Sagan (1976) have 
used a midlatitude quasi-geostrophic model 
to consider the mechanical effect of oro- 
graphy, and they suggest that  there is 
significant enhancement of the wind field 
in particular regions. In summary, all 
models appear either to neglect the effects 
of the heated terrain or to restrict their 
focus to the midlatitude region. 

The aim of this study is to attempt to 
model the circulation of the equatorial 
regions of Mars by consideration of both 
thermal and mechanical orographic effects. 
Rather than considering migratory thermal 
forcing, another feature which binds most 
models mentioned above, we instead seek 
the steady-state or time-independent solu- 
tion with the aim of producing mean 
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Fro. 4. Temperature  anomalies (°K) above a 5-kin 
mounta in  between the elevated region and adjacent  
plane as a fmletion of t ime of day. The dashed line 
denotes zero anomaly. 

seasonal circulations upon which the tides, 
the principal response to the diurnal forcing, 
can be superimposed. Furthermore, an 
attempt will be made to deduce the relative 
importance of orographic forcing at low 
latitudes. 

To justify the solving of the steady-state 
system we have to be certain that meaning- 
ful and physical steady-state solutions 
exist. In order for this to be so, we must 
assume that the relative temperature 
anomaly over terrain is maintained for 
periods longer than diurnal which will 
provide the apparent thermal forcing func- 
tions a long-term averaged character. In 
other words, we make the assumption that 
the atmosphere over a topographic feature 
possesses the same radiative and convective 
properties as the atmosphere over fiat 
terrain. To study the consequences of this 
assumption we resort to the Gierasch and 
(;oody (1968) model of the thermal struc- 
ture of the lower Martian atmosphere. 
Gierasch and Goody suggest an extremely 
large diurnal variation in the lowest layers 
(>40°K in the lowest kilometer) but only 
a small fluctuation ( ~ 5 ° K  in the middle 
troposphere). Translating their profiles to 
the case of an orographic feature such as 
that shown in Fig. 3, we can construct the 
diurnal variation of the temperature anom- 
aly. Such a variation is shown in Fig. 4. 
The obvious feature is that the middle 
troposphere remains relatively warmer than 
the adjacent fiat regions, with the major 
nocturnal cooling restricted to the lowest 
layers above the mountain. In other words, 
elevated regions may be thought of as 
relative heat sources with time scales much 
longer than a diurnal period even though 
strong diurnal w~riations are occurring at 
the lower boundary. Equivalently, de- 
pressed regions such as Hellas may be 
consi(tered as semipermanent heat sinks. 

2. M() I )EL 

To facilitate the study of the response of 
a spherical atmosphere with an arbitrary 
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FIo. 5. Schematic description of a two-layer numerical model. The left-hand diagram presents 
the global perspective. The right-hand diagram denotes the local cross section with variable dis- 
tribution and boundary conditions denoted on appropriate levels. 

basic state to thermal and mechanical 
forcing by the Mart ian  orography, a steady- 
state two-layer model was utilized. Such a 
model represents the simplest prototype of 
the atmosphere tha t  is capable of possessing 
both horizontal and vertical shear in the 
basic state. As the model used is effectively 
the same as that  described in detail by 
Webster (1.972) only an outline of the 
model and numerical techniques will be 
presented here. A schematic description 
of the model is given in Fig. 5. 

The nonlinear spherical and primitive 
equations in pressure coordinates are linear- 
ized relative to a basic state velocity field 
defined by 

U(#, p) = (1 - #2)i/2a~6(u, p), (1) 

where a and £ define the planetary radius 
and angular velocity of Mars and p = cos 0, 
where 0 represents the colatitude, and ~ is 
a nondimensional quant i ty  to be deter- 
mined and represents the basic wind field. 

We introduce a, (21~) -1, and P0 ( = 6  mb) 
as the length, time, and pressure scales. 
The following set of linear, hydrostatic,  and 
spherical coordinate perturbation primitive 
equations in (#, ~b, p) space evolves : 

Ou' 06 06 
6 -  + (1  - ; ) v ' - -  + (1 - ; ) o ~ -  

0¢ Og Op 

--2uv'(1 -4- 6) = --2 -4- (1 -- #2)1/2F~, 
o4, 

Ov' O~b 
-4- 2uu(1 -4- 6) = 2(1 -- U 2) - -  

0¢ Ott 

,4,2(1 -- u,2~l/2F 
' " '  ( 2 )  ou, oq 

- -  + (1  - u2) 1/2 + = 0 ,  
0¢ Og/ 

O /0~b\ 0 O~ ,.~ (p) 
6 -  ~ p p )  -4- 2 v ' - - -  -4- 2 w -  

a4~ a4~ ap 

- 1 -4- g, 
O# 

p2 

where Ut=(1--/.t2)I/2u and vt-~-(1--D2)l/2v; 
u and v represent the eastward and north- 
ward components of the spherical velocity 
vector V. ~0 (=dp/dt)  is the analog of 
vertical velocity (dz/dt) but for (x, y, p, t) 
coordinates. The factor ( 1 -  u2) 1/2 (i.e., 
sin 0) has been introduced as a variable 
change to facilitate more manageable 
boundary conditions at the poles. 1, and ~i, 
represent the perturbation and mean areo- 
potential. The latter equation of the above 
set describes a state of geostrophy for the 
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mean flow. (~ is the nonadiat)atic heating 
rate and f i (p )  represents the static stabili ty 
defined in E< I. (9). In summary,  e<tuation 
set (2) consists of, respectively, two com- 
ponent  momentum equations in the east- 
ward and northward direction, a cont inui ty 
equation, a s ta tement  of conservation of 
energy, and a description of the geostrophie 
basic state. F ,  and F+ represent dissipative 
terms which we will define later. 

By defining the Fourier exp,msions, 

u', v', co, ~ ( . ,  +, p) 

= l i e  ~ 1 :'~, 1"", II/~, ~I,*(#, p) e x p ( i s ~ ) ,  
.~ (:~) 

t / (~ ,  ~),  (2* (~, ~, ~,) 

= l l e  E t / ( u ) ,  q~(u, p) e x p ( i s ¢ ) ,  
s 

where h'(~, q~) represents the height distri- 
bution of orography shown in Fig. 1, 
Q*(u, +, p) the nonadial>atic heating func- 
tion to be determined, ,s' :t nolmegative 
integer, " l l e "  the real part  of the Fourier 
expansion, and U ~, V ~, W "~, q¢", h ~, q'~ are 
longitudinal Fourier coefficients, the basic 
equations can be written in semispectral 
form (u, p, s). 

At the upper boundary  the vertical 
velocity is assumed to be zero, i.e., 

~(j ,  = 0) = 0, (4) 

while at the lower boundary we assume 
tha t  the normal velocity to the surface is 
zero. This may  be formalized by noting 
that  if there are orography and incident 
winds there will be a nonzero velocity 
eomponent  in the vertical direction and 
therefore a nonzero co. Using the dynamic 
boundary  condition we may state 

co(p = 1) = d h / d t  ~ V~,. Vh ,  

where V~, is the nondimensional basic flow 
at the boundary.  Here we have neglected 
second-order terms and the fact tha t  
h = h (x, .q). Noting that  V possesses com- 
ponents in only the x direction, and using 

(3) we arrive at the expression 

~ ( z , , -  1) - - , ' .%/,~(#) 2, (s) 

where 5,, represents the mmdimensional 
basic flow at the lower boundary.  

Next, a vertical differencing scheme ix 
imposed by ascribing the momentum and 
continuity equations at levels 1 and 2 of 
the model (see Fig. 5) and the thermo- 
dynamic equation at the midlevel. As co is 
only carried at the t)oundaries and the 
mi<llevel of the model evaluation at levels 
1 .rod 2 ix done by averaging. For example, 
co, = [ + ( p  = O) + co(p = +)-b 2, etc. Simi- 
larly u, v, :rod + are evaluated at the mid- 
level as averages of the values at levels 1 
and 2. 

Simple dissipation laws are introduced 
which represent a surface drag effect, (where 
the surface (h'ag coefficient is k~, a coetfi- 
cient to be determined), a small-scale eddy 
turbulent  exchange in the vertical (k~), and 
a radiational cooling term (ka). The three 
dissipation terms enter the momentum 
equations at levels 1 and 2, and the 
thermodynamic, equation at the interface 
as, respectively, 

F, (u ,  ~) = --1, , , (V, -- V~) (I  -- / ) ' ,  

F,,.(u, +) = [ - & ( V , -  v..,) - / , . , v d  
X (1 - -  ~"-)~, (6) 

0(~, +) = q*(~,  +) + / , : , ( ~  - ¢:~). 

The final expression in (6), the nonadiabatic 
heating rate, contains two terms. The first, 
Q*(u, ~), represents the effective heating 
due to the large-scale orography which is 
discussed in Section 3. The second term 
represents a Newtonian cooling process 
which effectively sets cooling as being 
proportional to the temperature  of the 
atmospheric column. 

[;sing (3) to (6) in (2) with a staggered 
spatial centered difference scheme, six 
first-order difference equations are pro- 
duced. These are then reduced by succes- 
sive elimination to produce two linear, 
comt)lex , second-order coupled difference 



LOW-LATITUDE CIRCULATION OF MARS 633 

equations in V1 ~ and V2 ~. The full reduction 
procedure and numerical techniques are 
detailed by Webster (1972) and arc not 
reproduced here. The equations are 

mlkV1TM + m2kV1 k + makV1 ~-1 

-~- m4kV2k+ 1 -~- mskV2 k 

+ mokV2 k-1 = r ~, (7) 

n~kV1 k+I + ~:kVlk + n~kV1 k-t 

+ n~tkV2 k+l -~- ~skV2 k 

+ n6kV2 k-1 = l k, 

where mj ~ and nj k are complex coefficients 
and r k and t k the complex nonhomogeneous 
coefficients, possessing the functional form 

mjk, ,njk rjk, ~jk 

= f n ( u , s , S ,  8a, f2, k, ,k2,  k3, hLq'~). (8) 

Equat ion (7) is expressed at 41 points 
between the two poles producing 156 linear 
and real simultaneous equations in 164 un- 
knowns. Using the condition tha t  the 
meridional velocity component  vanishes at 
the two poles, the remainder of the variables 
are provided and the resulting 156 X 156 
coefficient matr ix is inverted using a fast 
numerical inversion technique. The process 
is repeated for each wavenumber  and the 
solutions are summed to provide the total  
perturbat ion,  s teady-state  response of the 
prescribed basic field (($) to the prescribed 
fields of forcing functions (h and Q*). 
Calculations were made using the first six 
nonzero Fourier coefficients. 

3. DEFINING PARAMETERS 

The model requires the definition of four 
sets of parameters  in order to define the 
coefficients in (8). These are the basic zonal 
wind field (~i), the static stabili ty (S), the 
dissipation coefficients (k~) and the forcing 
functions (h and Q*). Unfortunately,  no 
explicit measurements exist for any of these 
parameters  and inferences must  be m~de 
from implicit sources, such as the remote 
sensing experiments of Mariner  9. Where 
this fails we have resorted to the results of 
other  models. 

a. The Basic Fields 

In the absence of any direct Mar t ian  
wind field, three diverse methods have been 
used to discern their character.  These are 
the use of the Mariner  9 occultation data  
to calculate geostrophic winds (Kliore et al., 
1973), the inference of wind character  from 
satellite cloud pictures (Briggs and Leovy, 
1974), and the direct calculations of wind 
statistics from models of various sophisti- 
cation (e.g., Leovy and Mintz, 1969). 

The first two methods are unsuitable for 
our purposes as the data  record is too small 
to compile a set <)f statistics. Besides, the 
occultation data  possess a difficult calibra- 
tion problem which makes difficult the 
simple calculation of a geostrophic wind 
between two successive passes, each being 
separated by hundreds <)f kih)meters. Cloud 

"100 

-I -.5"~,~__ / .5 I 

- L -  50 
i lO0 

EQUINOX -'~-~,,'--I5 ~ 

- I -.5 7 .5 I 

- 5 0 L  
- I00 

• I " %  
-I -.5 

-50 

-50 SH WINTER 

FIG. 6. Basic zonal wind distribution O(up), 
derived from Leovy and Mintz (1969). 
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imagery, on the other hand, is more 
qu'flitative and does n()t allow a 'compila  - 
tion of statistics beyond a general range of 
direction and magnitude of an instantan- 
e(ms wind, or, at best, a feeling for the 
sense of the prevailing wind. 

The establishment of a basic field thus 
rests in an interpretat ion of the results of 
previous models. We use the. L(,()vy Mintz 
model to furnish both a (#, p) and ,~. 

The mean zonal winds extracted from 
the results of Leovy and Mintz are shown 
in Fig. 6. The solid curves refer to the 
1.5-rob-level field whereas the dashed curves 
refer to the 4.5-rob level. As the mod(,l was 
(rely run for the equinox and the northern 
hemisphere winter solstice, the southern 
hemisphere winter solstice wind ficht was 
assumed to be the mirror image of the 
northern winter. The solstice wind fields 
are characterized by strong west(,rlies 
( > 7 0  msec- ')  in the wint(,r hemisplmre 
upper troposphere and intense (,as|erli('s at 
the equat()r ( > - - 3 0  reset-t) .  I)uring the 
equinox, moderate  west(~rlies are evident 
in the midlati tudes with weak easterlies in 
the tropics. In all seasons, the lower tropo- 
sphere, winds match those of the Ut)l)er 
t roposphere but  are weaker in magnitude. 
Strong horizontal and vertical shear exists 
in the winter hemisph(,re and the equatorial 
region but  the shear is ahnost zero in the 
summer hemisph(,re. 

Fields of ~(~, p) for all seasons and both 
levels were found by substi tuting U from 
Fig. 6 into (1). 8f, was assumed to be equal 
t() one-half of ~te, thus eliminating the 

TABLE I 

Comparison between the Various Dissipation 
Time Scales for Earth (Webster, 1972) and Those 
Used in This Study 

Process ]~;arl h Mars 

Surface drag (k1-1, days) 6 6 
Momentum exchange (k2 -1, days) 23 2 
Radiational cooling (k3 -~, days) 35 2 

introducti(m of strong but  spurious easter- 
lies :it the lower boundary of the mid- 
latitude weste~rlies which may result from 
a linear interl)olation of at and a2 to produce 
a,, when there is strong and positive vertical 
she~lr. 

A wdue for ~, which nmst be represented 
by one number  ascribed to the interface of 
the two layers of the model was also ealcu- 
lat(,d using the Lee ry  Mintz model. De- 
fining f / a s  

3 = ( l~T/g)[(OT/Oz)  + (g/C,)J  (9) 

and using the m()del results averaged be- 
tween 30°N and 30°S suggest '~ value of 
5.2 X 10 a m ~ sec -2, which is about  a factor 
of 2 larger than typical terrestrial values, 
and can 1)e accounted for by the large 
change in t)otential tempera ture  occurring 
over ,~ small change in pressure. The IRIS 
temperature  distributions (Fig. 3) provide 
a wdue for ,~ similar to that  computed fr<)m 
Leovy and Mintz. However, although the 
vertical lapse rates appear similar, the 
absolute wdues of the IRIS  midtropo- 
spheric tenu)eratures are somewhat higher 
than the model temperatures  by 5 to 10°K 
although the discrepancy results in only a 
sm'dl change in the value of S. 

b. Dissipation CoeJficie~tts 

The determination of k~, k2, and ks again 
poses probh,ms, and once more we are 
forced t() draw up(m the results of other 
mod(,ls and the terrestrial examph;. 

Ill the Ear th 's  atmosphere, the largest 
dissipator is surface friction with an e- 
folding dissipation rate of about  6 days, 
which is much larger than the 20- arid 35- 
day vertical momentum exchange and 
radiative cooling processes. However, this 
hi(,rarchy of dissipator importance cannot 
be me, rely t ransported to Mars. For ex- 
ample, Zurek (1976) suggests tha t  the 
vertical momentum exchange may be an 
order of m,~gnitude more rapid than tha t  
on Earth.  To account for this a coefficient 
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(k~) representing a decay rate  of 2 days 
was chosen. Similarly, radiat ive cooling 
may  be expected to be of greater  influence 
on Mars than on Ear th  because of the 
basic makeup of the Mar t ian  atmosphere 
and lower boundary.  To  accommodate  a 
system which is in near-constant  equi- 
l ibrium with space, a 2-day radiational 
cooling coefficient (k~) was chosen, follow- 
ing Goody and Belton (1967). Finally, 
following Leovy and Mintz,  a 6-day rate  
for surface friction was included. A com- 
parison of the terrestrial and Mar t ian  
decay rates is presented in Table  I. 

I t  should be emphasized tha t  the dissi- 
pat ive values in this s tudy are quite 
speculative. Even  for the Earth,  values for 
similar quantities are only approximately 
known. Consequently,  given the simplicity 
of the model and its dissipative parameter-  
izations, we can only hope tha t  the coeffi- 
cients represent the effects of what  are 
possibly dominating and rapid processes. 

c. Forcing Functions 

In  this model we only consider forcing 
due to the mechanical and thermal  oro- 
graphic effects. Variations in surface albedo 
have been ignored. Here we develop the 
two forcing fields to be considered. 

Figure 7 shows the spectral distribution 
of the Mart ian  orography in the form of 
15 ° lat i tude band averages between 30°N 
and 30°S. The heavy curve denotes the 
average power between 30°N and 30°S. 
The  common feature of the orography in 
each lat i tude band is tha t  the major i ty  of 
the power resides in the low-wavenumber 
end of the spectrum with a maximum near 
s = 2 and a strong decrease of ampli tude 
toward higher wavenumbers.  The exception 
to this occurs in the most  nor thward band 
where smaller-scale features (s = 4) be- 
come apparent.  

To calculate a heating law which takes 
into account  the effect of the mountains 
acting as relative heat  sources, let us 

assume tha t  the temperature  decreases by  
a constant  rate above mountainous and 
adjacent  terrain. Further ,  let us assume 
tha t  the surface is isothermal. With these 
assumptions, the heating rate per unit  
mass above an orographic feature of height 
h(p, ¢) is 

q * =  C~(dT/dt) 
= C , [ T ( z )  - -  T ( z ) ] r  -1, (10) 

where T(z) is the tempera ture  of the air 
parcel above the feature and Jl(z) is the 
tempera ture  of the atmosphere above an 
adjacent  flat region at the same absolute 
elevation, r is a time scale over which the 
tempera ture  anomaly would develop. As- 
suming a lapse rate of F (p, t) which we will 
let be a function of lat i tude and time, we 
m ay  write 

T(z) - T(z) = r (# ,  t)h(,, ¢) (11) 

so tha t  (10) becomes 

Q* = CvF(~, t)h(,, ¢) r -L  (12) 

Equat ion (12) describes an extremely 
simple heating law which defines the 
diabatic heating rate  as tha t  heating 
consistent with the horizontal tempera ture  
gradient set up between an elevated region 
of height h(p, ~b) and an adjacent fiat region 
as is i l lustrated in Fig. 4. Such a heating 
law is similar to tha t  used by Blumsack 
(1971a). 

. . . .  ¢¢... ~ 
1 . 5 -  

. / . . / :  30°S/30°N 
" \ X  

. / ' \  " : " .  . . . .  30=S/15*S 
1.0 / • :' " / /  .-" • . . . .  15oS/O o 

~ ~  0~' 15~'N 
h(km) ~ .. ........ 15ON/3OON 

.s '~ '.. . 

o , ;, ~ ~, ~ ~ ~ 

Wavenumber 

FIG. 7. Spectral distribution of the Martian 
orography averaged over 15 ° latitude bands. The 
heavy curve denotes average amplitude between 
30°N and 30°S. 
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A lati tudinal dependency has been intro- 
duced into P in (11) in order to allow for 
the decreasing effective heating of the 
orographic features at higher latitudes. 
Such a decrease is caused by a reduction 
of the lapse rate which has 1)een suggested 
by the Leovy-Min tz  model and also 
observationally by  Hanel st (d. (1972). 
The function used is shown in Fi~. S and 
obeys the simt)le relati(mship 

r ( # ,  :) = ro ( , ( , s~¢  - ¢*(~)~, ( l a )  

where ¢* is the Sun's declinati(m angle 
(-'25.'2 ° _< 4)* _< 25.2 ° ) and I',, = 4.2°K 
km -~, which is a little less than adiabatic. 

Figure 9 provides an example of the heat- 
ing distribution for an equinox. The field is 
quite similar to th(, orographi(; distributi(m 
(t~ig. 1) .although features in the subtropics 
and midlati tudes are less at)par(!nt because 
()f (13). During the northen~ hemisphere 
sununer solstice the heating in the region 
of Olympus Mons will become more ap- 
/)arent. During the entire year, the Tharsis 
Ridge region dominates the heating fields. 

To provide the family of orographic 
Fourier coefficients, h~(#), the orography 
given in Fig. 1 is Fourier analyzed. With 
this field of coefficients a family of heating 
coefficients, q"(#, l), is derived using the 
simple heating laws (12) and (13). h~(#) 
and  q'~(~, t) alh)w the completion of the. 
nonho]nogeneous e()effici(mt matr ix given 
in (s) .  

4. CIRCULATION 

Using the basic fields, dissipation eoeffi- 
dents ,  :rod heating and nrography forcing 
function, f()ur cases were studied. These 
are the response ()f the equinoctial basic 
field h) a (laussian ()rographic feature 
situated at the equator and 0 ° longitude 
and the seasonal responses ; the two solstices 
and the equinox, to the corresp(mding heat- 
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FIG. 10. Response of the model atmosphere to the mechanical and thermal orographic forcing 
from a Gaussian mountain centered at (0 °, 0% The lowest panel indicates perturbation velocity 
field on the 4.5-mb level. Vectors emanate from the circle relative to indicated speed scale. Pertur- 
bation areopotentials are shown as solid curves with an interval of 50 nt rain -2. The dashed lines 
denote half-interval and the dotted line denotes the zero areopotential. The upper panel shows 
similar fields at 1.5 rob. The vertical velocity field at the 3-mb level (units: 10 -a nt m 2 sec -1) is 
shown in the center panel. The response includes the first six nonzero wavenumbers. 

i n g  a n d  o r o g r a p h y .  F i e l d s  of p e r t u r b a t i o n  

v e l o c i t y  fo r  t h e  1.5- a n d  4 .5 - rob  l e v e l s  of  

t h e  m o d e l  fo r  e a c h  case  a r e  s h o w n  in  t h e  

u p p e r  a n d  l o w e r  p a n e l s  of  F igs .  10 t h r o u g h  

13. S u p e r i m p o s e d  on  e a c h  d i a g r a m  a re  

f ields of  p e r t u r b a t i o n  a e r o p o t e n t i a l .  T h e  
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FIG. 11. Stone as Fig. 10, but the perturbation response to tile northern hemisphere wint;er 
solstice heating and orography. 

center d iagram of each figure depicts the 
vertical  velocity distribution. Viewed 
together,  each figure por t rays  a three-  
dimensional perspect ive of the background 
seasonal response of the Mar t i an  a tmo-  
sphere to the par t icular  heat ing and oro- 

graphic forcing. Scales are denoted on each 
figure. 

The  Gaussian mounta in  case was chosen 
as it represents an extremely simple forcing 
function, allowing the response features of 
the model to be clearly defined. The  scale 
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of the hypothetical mountain  is such tha t  
it  possesses a 20 ° e-folding scale in lat i tude 
and a 40 ° e-folding scale in longitude and 
a central amplitude of 5 km. Figure 10 
shows the response of the equinox basic 
wind field to the mechanical and thermal 
forcing of the hypothetical mountain.  The 
vertical velocity at  the midlevel of the 
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model is slightly westward of the maximum 
forcing and with a maximum amplitude in 
excess of 10 -~ nt m -2 sec -~ (~  10 cm see-i). 
The remainder of the tropics are characte-r 
ized by weak subsidence. The horizont&l 
velocity field in the lower level is down the 
heating gradient and convergent into the 
region of maximumheating. The maximum 
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Fio. 12. Same as Fig. 11, but the perturbation response to the equinox heating and orography. 
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convergence (corresponding to the position 
of m a x i m u m  ~0) is s i tuated just  to the west 
of the mounta in  and is mainta ined by 
strong flow toward the equator  in both  
hemispheres.  Omsider ing  the upper  layer, 
the region to  the west of the hc'~t source is 
divergent,  which is (:,resistent with the 

w,rtical velocity distribution. Howew'r, 
the z(mal component  of tho 1.5 mb winds 
ahmg the equator  are still conwcgent  in 
the source region ~md net divergence is only 
at ta ined by a strong meridional component  
of the wind in the vicinity ()f the mountain.  
Except  for this outflow r(,gion, the generM 
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character  of the equatorial lati tudes is the 
zonality of the per turbat ion response. In 
the midlatitudes, the meridional wind 
component  assumes par i ty  in magni tude 
with the zonal component  and the response 
is in the form of large-scale and high- 
amplitude waves which possess very  small 
tilt  with height and small vertical shear. 
T ha t  is, they are nearly barotropic. 

Another  feature of the response of the 
atmosphere to a Gaussian forcing function 
can be observed in the kinetic energy 
distribution shown in Fig. 14. Two fields 
are presented, one for the hypothet ical  
mountains centered at ~ = 0 and the other 
for the mountain  centered at t~ = 0.4 
(23.58°N) and each shows markedly dif- 
ferent distributions. The velocity fields for 
the ~ = 0.4 case are not shown. Considering 
the t~ = 0 case we note tha t  a large differ- 
ence exists in the kinetic energies of the 
tropics and midlatitudes, the higher 
energies being associated with strong eddies 
noted in Fig. 10. Even  more notable is tha t  
the kinetic energy of the lower level in the 
tropics is much larger than the kinetic 
energy in the upper layer. As we move to 
midlati tudes the kinetic energy of the upper 
layer becomes the larger of the two. With 
tL = 0.4, the forcing is now mainly situated 
in the westerlies as is indicated by Fig. 6, 
and the kinetic energy is about  a factor 
of 3 greater than that  in the ~ = 0 case. 
This may  be expected as, although the 
magnitude of the forcing is slightly less 
when the mountain  is placed at ~ = 0.4 
[see (12) and (13)], the strong westerlies 
are being forced directly, ra ther  than 
remotely as occurs when t~ = 0. However,  
even when the maximum forcing is at 
higher latitudes, the kinetic energy reversal 
still takes place near the equator.  We 
a t t empt  to interpret  these features in the 
next section. 

The three seasonal fields (Figs. 11 to 13) 
~dl possess basic features similar to those of 
the Gaussian mountain case although the 
fields appear more complicated because the 
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FIG. 14. Kinetic energy distr ibution produced by  
a Gaussian moun ta in  placed at t~ = 0 and t~ = 0.4. 
The solid line indicates kinetic energy at  1.5 m b  
and the da~shed line at  4-5 mb  (units : l0  2 m 2 see-2). 

forcing functions do not possess the same 
simplicity as those of the Gaussian fields. 
The three vertical velocity fields suggest a 
correspondence between the regions of 
greatest  elevation (i.e., largest heating) and 
positive (upward) motion. Furthermore,  
the pat terns  appear to be locked in phase 
with the mountains, suggesting that  the 
heating effects of the mountains dominate 
over the mechanical effect as otherwise the 
maximum upward motion would be dis- 
placed more on the upstream side of the 
mountain  to a position near the inflexion 
point of the mountain slope as suggested 
by (5). In the Gaussian case, the maximum 
¢o would have had to be situated some 50 ° 
of longitude to the west. This is further  
underlined by the model enhancing the 
upward velocity maxima on the summer 
side of the equator  to values greater than 
during winter. Generally the maximunl 
amplitudes are associated with the Th.~rsis 
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region with values slightly above 7.5 X 10 -3 
nt  m -2 see-'.  Similar values are encountered 
in the Olympus Mons region during the 
northern hemisphere summer. Weaker posi- 
t ive anomalies occur in the northern 
hemisphere near Syrtis Major  and in the 
southern hemisphere near the Hesperia 
l)lanum and the southern extremity of the 
Tharsis Ridge in summer. 

The horizontal per turbat ion veh)city 
fields also possess characteristics similar to 
those obtained in the Gaussian case with 
the principal feature in the equatorial 
regions at all seasons being the h)wer-lev(,1 
convergence and net divergence in the 
upper layer in the Tharsis ridge region. 
Again the divergence is accounted for by :L 
strong poleward flow away from the heat 
source in the upper layer although this is 
distorted somewhat  by  the oth(,r heat 
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Fro. 15. Same as Fig. 14 except for the southern 
hemisphere winter solstice (SH), the equinox (EQX), 
and the northern hemisphere winter solstice (NH) 
(units : 10 2 ,n ~- see ~). 

sources. In midlatitudes, the winter hemi- 
sphere appears to be much more disturbed 
than the summer hemisphere. Again in- 
tense and very large scale disturbances are 
excited in the strong winter westerlies, 
excited by both the influence of the tropical 
heat sources and by the orographie features 
residing in those regi<ms. 

A striking feature of the upper tropo- 
spheric velocity response is the ultra-large- 
scale and very strong cross-equatorial flow 
<)f which the magnitude appears strongest 
during the two solstice periods. During the 
s<)uthern hemisphere winter solstice strong 
nor thward flow (i.e., winter to summer 
hemisphere) <)ceurs across the equator  
between about  255 ° and 170 ° of hmgitude. 
A reverse flow (southerly) appears con- 
tined t<> about  160 ° and 70 ° of hmgitude. 
During the northern hemisphere winter 
the regions ()f cross-equatorial flow remain 
much the same but  with a sign reversal and 
a slightly smaller amplitude. I)uring the 
<,quinox, the cross-equatorial flow is smaller, 
as are the amplitudes in the lower tropo- 
sphere at all seas<)ns. The region of mini- 
mum upper tr<)pospherie cross-equatorial 
flow during both winter solstices is between 
70 ° longitude in the west and 250 ° hmgitude 
in the east;  i.e., ow.'r the relatively feature- 
less regions to the east of the Tharsis Ridge 
region. 

The kinetic energy distribution for the 
three seasons are shown in Fig. 15 and 
suggest a combination of the two Gaussian 
kinetic energy distributions of Fig. 14, with 
the strong demarcat ion between the 
tropical and midlatitudes. We will see later 
that  the p<)int of transition between the 
tropics and the midlat i tude responses coin- 
tides with the critical lati tudes of the 
stat ionary modes excited by  the various 
forcing functions. 

5. INTERPRETATIONS AND CONCLUSIONS 

The response of the Martian atinosphere 
to s tat ionary forcing appears to be similar 
to tha t  of the terrestrial atmosphere in 
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many respects but vastly different in 
others. Similarities may have been antici- 
pated as, even though the form of the 
diabatic heating is different, its effect on a 
planet of similar size and near-equal 
rotation rate may be expected to be quite 
similar. The major differences that  do exist 
may be at least partially explained by the 
different optical properties of the atmo- 
spheres and the lower boundaries and by 
the small mass of the Martian atmosphere. 

Similarities between the terrestrial and 
Martian response at low latitudes are: 

(i) the increasing geostrophy of the 
response as we move toward midlatitudes, 
as indicated by velocity vectors being 
nearly parallel to the areopotential 
contours ; 

(ii) the distinct separation of the re- 
sponse between midlatitudes and the equa- 
torial regions, as indicated by the kinetic 
energy distributions (Figs. 14 and 15); 

(iii) the much larger response of mid- 
latitudes compared to the equatorial re- 
gions, given a similar forcing amplitude; 
and 

(iv) the increasing east-west character 
of the perturbation velocity response as the 
equator is approached. 

Most of the similarities mentioned above 
appear explainable in terms of the dynamics 
of a rotating atmosphere. For example, the 
increase of geostrophy and a larger response 
of the atmosphere in midlatitudes are 
merely consequences of increased effective 
rotation with increasing latitude which is 
a consequence of conservation of potential 
vorticity. Furthermore, the distinct separa- 
tion between high and low latitudes may 
be seen to occur near the latitude where 
the sign of the basic wind field (Fig. 6) 
occurs. Such a transition corresponds to 
the critical latitudes for the stationary 
midlatitude wave through only a relatively 
small amount of energy may seep via 
dissipative processes (Webster, 1973a), 
and also, in the sinlple linear sense, to a 

demarcation of the modes that m'~y be 
excited. Because of the stationary aspects 
of the problem these modes are Rossby-type 
waves in the midlatitude westerlies and 
Kelvin waves (which are "edge" waves 
trapped at the equator by the Coriolis 
force which acts as the restoring force). 
We will discuss the properties of these 
modes presently. 

The diminishing effect with latitude of 
mechanical forcing by orography was con- 
sidered by Webster (1972) to be a mani- 
festation of the increasing role of lower- 
boundary dissipation as we move toward 
the equator. Dissipation becomes more 
important as the dissipative time scale 
approaches the advective time scale of the 
basic flow. Consequently near the equator 
forced motion tends to be damped to a 
greater degree than in midlatitudes, with 
that resulting from orography forcing being 
effected to a greater degree than that due 
to thermal forcing. This is due, in part, to 
the fact that orography forces the model at 
the lower boundary where frictional dissipa- 
tion is a maximum. In midlatitudes the 
advective time scale of the basic fldw is 
comparable to the dissipative time scale 
and the thermal forcing is attempting to 
excite the extremely strong upper 
westerlies. 

The correctness of the explanation for 
the differing effects of mechanical and 
thermal orographic forcing depends upon 
how well these two functions are parameter- 
ized within the model. From Fig. 4 we may 
expect that the heating is well represented 
as the temperature anomalies, and hence 
the heating, hinted at by Gierasch and 
Goody (1968) possess a maximum in the 
middle troposphere. The mechanical effect 
enters the model as the lower-boundary 
condition on o~ shown in (5) and is probably 
only a good approximation for orography 
of relatively small elevation and may be 
questionable for scales suggested by Fig. 1. 
In any event, the variation of the response 
appears consistent with the picture of the 
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Fro. 16. (a) Variation of verlieal wavelength 1: (kin) of the equatorial Kelvin wave as a function 
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wind speeds of 10 (dashed curves) and 25 msee -~ (solid curves). 5P = 210°K. (b) Varialion of 
vertical wavelength I~ (kin) as a ful,(:tion of the basic zonal wind speed (msee -1) for various 
longitudinal modes with a dissipalion time so'de of 2 days. ~' = 210°K. 

response in a strong dissipatiw~ system 
where the vertical waveform is external, 

The near zonality of the modol response 
near the equator is probably due to the 
predominant  mode at w,ry low latitudes 
whieh is the equatorially trapped Kelvin 
wave (Webster, 1972). I ts  form is such 
that  the meridional velocity component is 
essentially zero with solutions of t, he form 
shown in (24). In the Appendix the I(elvin 
wave strue, ture is considered for a Mart ian 
atmosphere with w' ry  strong dissipation. 

I)espite the similarities mentioned abow', 
many features ()f the Martian r(*s][)OllSe ar(' 
quite different from those which wmfld be 
expected from the t(,rrestrial examph,. Such 
differences are: 

(i) the decrease in the kinetic onergy 
with height at low latitudes, whereas in 
midlatitudes the kinetic energy is :~ maxi- 
mum in the upper troposphere; 

(ii) the extremely small response in lhe 
summer hemisphere in midlatitudes ('ore- 
pared to either the tropical regions . r  the 
midlatitudes of thv winter hemisphere; 

(iii) the large-scale, large-amplitude and 
noarly barotropic response (i.e., small 
w,rtieal tilt and shear) of the winter mid- 
latitudes ; and 

(iv) the relatively str<mg upper tropo- 
spheric flow between the summer and 
winter hemispheros. 

Many of these features may be cmmeeted 
to the strongly dissipatiw~' nature of the 
Mart ian atnmsphere. For example, the 
ul)por tropospheric mininmm in kinetic 
energy in the tropics evolves from the form 
an equatorial Kelvin wave would assume 
with strong dissipation, an effect which is 
eonsidored in the AppelMix. The results of 
the analysis are shown in Figs. 16 and 17 
and :m, discussed in detail in the At)pendix. 

i t  suffices here. to mention that  strong 
dissipation has the ('fleet of increasing the 
w'rtical scale of the equatorial Kelvin waw~, 
such th 'd  the longest h.r izontal  scales, 
lhose which are most easily excited, as can 
bo seen from (24), are those which possoss 
the hmgest w,rtical scales (Fig. 16). 
l"urthernmre, the dissipation will tend to 
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decrease the amplitUde of the mode with 
height to va ry ing  degrees depending upon 
the relative t ime scale of the mode (8s/2, 
the Doppler-shifted frequency) and the 
dissipation frequency (a0). The ratio of 
these two time scales dominates the de- 
nominator  of (27). Specifically, for a given 
dissipation rate and a given wave scale, the 
amplitude will be a t tenuated  most in a 
weak flow because the advective t ime 
scale (2/~s) will be much longer than the 
dissipative t ime scale a0 -1. Equivalent ly,  
for a given dissipation and basic flow the 
longest horizontal scales will be dissipated 
the most  as it will be those modes which 
possess the longest advective t ime scales. 
Such behavior suggests why the amplitude 
decreases so strongly with height in regions 
where the basic flow is weakest, such as in 
the tropics and the summer hemisphere 
midlatitudes. 

The analytic analysis has the fur ther  
application of helping determine the rele- 
vence of the two-layer s t ructure  of the 
numerical model to the Mar t ian  atmo- 
sphere. Figure 16 suggests tha t  what  is 
most probably a dominant  mode of the low 

latitudes possesses its longest vertical scale 
at  longest longitudinal scales. Fur thermore  

~from (24) we see tha t  this mode responds 
_most vigorously to the largest scale forcing, 
a f a c t  tha t  may  be observed in Figs. 10 
through 13. Consequently,  the two-layer 
model appears to possess sufficient resolu- 
tion to resolve the largest-amplitude forced 
modes of low latitudes. 

The near-barotropic structure of the 
winter midlati tudes waves is difficult to 
understand. The small vertical tilt and 
shear are probably a result of the strong 
vertical mixing introduced into the system 
to parameterize the rapid momentum 
exchanges in the vertical tha t  would arise 
through processes such as the thermal tides 
(Zurek, 1976). An even more difficult 
problem arises in explaining the mainte-  
nance of the midlat i tude disturbances. One 
is inclined to a t t r ibute  them solely to local 
orographic forcing but  the response to the 
Gaussian mountain  (Fig. 10) also shows 
energetic large-scale disturbances in mid- 
lati tudes even though there is no orography 
in the midlat i tude in this hypothet ical  ease. 
The  Gaussian response suggests tha t  the 
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646 PETER J. WEBSTER 

tropics must yield a significant influence 
upon the midlatitudes. I t  would appear that  
the thermal heating in the equatorial 
regions and the subtropics plus the local 
mechanical orographic forcing influences 
the structure of the winter midlatitudes 
response. 

An explanation of the strong upper 
tropospheric cross-equatorial flow is not 
apparent. However, the existence of such 
a flow does suggest that it is simplistic to 
extend the simple equatorial Kelvin wave 
analogy so far. I t  is apparent from the near- 
constant geographical location and seasonal 
variation in sign that other modes, which 
possess asymmetric characteristics but still 
an ultralarge scale, may be forced at low 
latitudes. 

Finally, it should be mentioned that the 
sophisticated general circulation model 
described Leovy and Mintz (1969) has been 
modified to include topography. As the 
model possesses a complete radiation 
scheme, it represents the thermal aspects 
of the topography in a more accurate 
manner than can be expected from the 
simple parameterization developed here. 
However, a comparison of the mean fields 
of the two models for the southern hemi- 
sphere winter solstice suggests a remarkable 
similarity between at least the gross fea- 
tures. For example, the intense upper 
tropospheric midlatitude disturbances are 
similar in both location and strength. The 
Tharsis Ridge region appears as a dominant 
region in both models and the cross- 
equatorial flow occurs at similar locations 
and intensities. Most differences occur 
with smaller-scale features in the lower 
troposphere. Probably this is the fault 
either of the simplistic lower-boundary 
condition (5) which incorporates topo- 
graphy into the simple numerical model or 
of the fact that the longitudinal resolution 
is truncated at only six longitudinal Fourier 
harmonics. By using a coordinate system 
which follows the topography (i.e., "a- 
coordinates," where a = P/Po) and by 

having a greater horizontal resolution, the 
more complicated general circulation model 
overcomes these difficulties. Initial results 
of the sophisticated general circulation 
model are given by Pollack et al. (1976). 

A P P E N D I X :  A S I M P L E  D I S S I P A T I V E  
M O D E L  

Consider a spherical, linear, and dissipa- 
tive steady-state atmosphere which is 
characterized by a constant basic zonal 
angular velocity 0 [i.e., 6 = constant in 
(1)]. With these simplifications, plus the 
convenient vertical coordinate trans- 
formation 

z = In ( e / p o ) ,  (14) 
(2) becomes 

-XU" + (1 + 6)uV ~ + s~I ,~ = iboU", (15) 

-XV ~ +  ( 1 +  ~)#U 8 +  (1 - #2)__ 
Oq 

O~ 

=ib0V ~, (16) 

cq V ~ 
- s U  ~ + ( 1 - ~ 2 ) - -  

0~ 

) +(1 --#5) -- 1 W' = 0, (17) 

OZ 
- -  + ~ ( z )  w ~ = ~ 0,, z )  

- - i a o - -  (18) 
OZ 

with the use of the transformation 

u, v, w, ~b(u, ¢, Z) = Re ~ mU', - i m V  ~, 
a 

- i W ' ,  ,~s(u, Z) exp(is~b), (19) 

where m = (1 - u 2 )  -~/2. The apparent or 
"Doppler-shifted" frequency is given by 

x = - ~ 1 2 ,  (20) 

which is positive for westward motion 
(~ < 0). Viscous damping is introduced by 
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simple linear laws in (15) and (16), b0 being 
the dissipation coefficient. Radiat ional  cool- 
ing enters the system in (18) with a0 
representing the cooling coefficient. The 
superscript s will be understood in the 
ensuing discussion. 

Purely analytic solutions exist only for 
the simplest conditions. Generally, the 
parameters ~ (and so h), S and the dissipa- 
tion coefficient b0 must  be constant  or very 
weak functions of ~. a0 must  not  be a 
function of ~ to facilitate variable separa- 
tion. In  the vertical, ~ and ao may assume 
simple functional forms and bo must  not  be 
a function of Z. We assume tha t  the atmo- 
sphere is represented by the isothermal 
approximation (i.e., ~ = constant).  Fur-  
thermore, we will consider only radiative 
cooling (i.e., b0 = 0). 

Inspection of the coefficients of (15) to 
(18) suggest the dependencies 

u, v, '~(u, z) = E . ( z )u .* ,  v,,*,,~.*(~,), 
" ( 2 1 )  

W, (~(u, Z) = Z/3(Z) ,  J . (Z) ,  W.*(u), 
n 

where W.* is the n th  eigenfunction of the 
governing horizontal Hough equation 

FFW,*(#)]  -F E, 'W,*(u)  = 0, (22) 

where E"." are the associated eigenvalues 
and F is the  Hough operator 

F = C (1 - u ~) du 

[ d s(1 +(~) 1 + C  2 ( I + ~ ) u - - + - - C  
du 

s,} 
- , ( 2 3 )  

1 ~2 

where C = [-~2 _ (1 - ~)~2]-i. Equat ion 
(22) determines the horizontal form of the 
solution and three families of s tat ionary 
modes are possible. For an easterly basic 
flow, only two of these modes may  exhibit 
a forced linear response: the easterly 

propagating gravity wave family and the 
rotationally trapped Kelvin wave. Given 
the range of basic zonal wind speed existing 
in the Mart ian  and terrestrial tropics, the 
Kelvin wave may  be expected to dominate 
(Webster, 1972). The gravity wave family 
will be trapped very close to the equator 
and will possess infinitesimal vertical scales. 
I t  is easy to show tha t  the Kelvin wave 
solutions are 

W,,* ('7) = exp (-- ~2/2), 

~.*(,7) = sE -1/2 e x p ( - , f / 2 ) ,  (24) 

v . * ( , )  = 0, 

U.*(7) = s -l exp(-- ~2/2), 

where ~ = (1 + ~)1:2EI:% and E = (2/~) ~. 
Note tha t  neither the exponent governing 
the lati tudinal structure, nor E, is a func- 
tion of s, a consequence of the nondispersive 
nature of the Kelvin wave• However, the 
amplitude of the response is a function of 
longitudinal wavenumber, with U* in- 
versely proportional to s. This means tha t  
the Kelvin wave acts as a strong filter to 
small-scale waves, and if there is equal 
forcing at  all scales, the Kelvin wave will 
tend to respond at  the longest scale. 

A vertical structure equation emerges 
from (21) and the set (15) to (18) if 

a(Z) = - 1 /3 = 
\ 

- -  - 1) Ye ~12. 
I 

(25) 

Manipulat ion yields 

Yz~ + n 2 Y = L (Z), (26) 
where 

L(Z) = E J ( Z ) [ e x p ( - - ~ ) ] / ( i  +~o_),  

n 2 = ES 1 d - - -  . (27) 
4 

With no dissipation (i.e., ao = 0), the 
roots of the characteristic equation are 
purely imaginary (propagating) if n 2 > 0, 
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and purely real (exponential) otherwise. 
With a0 ~ O, the rGots are complex and 
the solutions are par t  propagating and 
damped. The general solution of the free 
form of (26) (i.e., with L ( Z )  = 0) is given 
by 

Y(Z) = A exp( i fZ  - gZ), (28) 

where f and g represent the vertical wave- 
number  and a vertical length scale, respec- 
tively, f and g may be used to define a 
vertical wavelength and amplitude e-folding 
scale, l~ and m~. These arc 

l~ = 2~rff ~ = 2 2'/%-fiR(n2) 2 + I(n2):] ~/~" 
~-- R (,~2) }--1/2 (29) 

and 

m~ = g - ' =  2~/~IER(n:)~ + I ( ,? )2 ]  '/2 
- R (~:)  }-'"2, 

w h e r e  

E R (n :) = (30) 
1 -4- (a0~/X 2) 

and 
ES  ao 

I @2) _ 
1 + (a0Vx ~) x 

In (29) and (30) it is apparent  tha t  a0 
enters both the propagating and the decay- 
ing parts of the solution. Fur thermore  the 
solution form suggests a strong scale 
dependency. Considering first the vertical 
length scale we note tha t  for very large 
s (N.B., X = 6s/2), ao2/X 2 approaches zero 
and l~ tends to the nondissipative height 
scale. However,  as s decreases (i.e., in- 
creasing horizontal scale), ao2/X 2 increases 
and 1~ is lengthened. In this mtmner 
dissipation tends to stretch the scale ()f thc 
longest horizontal modes but  h'aves the 
shortest scales relatively untouched. 

Qualitatively, we may account for the 
selective stretching in the following manner.  
In a s teady-state forced problem, the 
horizontal scale and the frequency of the 
mode are set;  the frequency being the 
Doppler-shifted frequency. With the addi- 
tion of dissipation the restoring force of 
the vertically propagating gravi ty  wave 

(i.e., the per turbat ion static stability) will 
be diminished and given tha t  s and X are 
constrained, the wave may only stretch its 
vertical wavelength to keep its restoring 
force the same. Consequently waves with 
the smallest h'equencies (largest horizontal 
modes) will have to adjust their vertical 
scales the most as dissipation has a longer 
time to diminish the restoring force. The 
more rapidly oscillating modes (smallest 
horizontal modes) will be least effected as 
dissipation has less time to reduce the 
restoring force thus requiring less adjust- 
ment  of L. 

The effect of dissipation on the equatorial 
nmdes is summarized in Figs. 16 and 17, 
where, respectively, the functional forms 
of lz and mz are shown. Figure 16a shows 
the variation of l~ as a function of s for 
various dissipation rates and basic zonal 
winds. L. varies most from the nondissipa- 
t i re  limit (i.e., the scale of the nondissi- 
pative Kelvin wave) at largest scale and 
greatest dissipation. Fur thermore  as 
increases the degree of stretching of each 
mode beyond its nondissipative limit de- 
creases slightly. This may  be seen in 
Fig. 16b. Dissipation effects the amplitude 
of the horizontal modes in a dramatic sense 
also. Figure 17a shows m. to be smallest 
(i.e., maxinmm damping) at the largest 
horizontal scales (small s) and increasing 
r'~pidly for tim smaller scales, especially as 
the dissip.~tion decreases. Similarity, for 
all modes, m~ increases rapidly with in- 
creasing basic wind speed. This factor 
apparent  in Fig. 17b (,specially illustrates 
the point tha t  dissipation is only impor tant  
when its characteristic time scale is shorter 
than the advective time scale of the mode. 
Consequently, dissipative processes have 
a hmger time to act on, and therefore 
dissipate the most, those modes with the 
l()ngest t ime scales. 

ACKNOWLE DGMENTS 

I would like to lhank M. Chahine of the Jet 
Propulsion Laboratory, Pasadena, California, for 



L O W - L A T I T U D E  C I R C U L A T I O N  OF MARS 649 

originally suggesting the problem and to the Jet  
Propulsion Laboratory for their support. I am also 
indebted to C. B. Leovy for many valuable discus- 
sions and for allowing me to see the preliminary 
results of the Leovy-Pollack model. I would like 
to thank C. P. Chang for pointing out the possible 
importance of dissipation in nmdifying the form of 
equatorial modes. This work was supported by 
NASA under Grant NAS 7-100 and by NSF under 
Grant DES-74-01762. 

R E F E R E N C E S  

BLUMSACK, S. L. (1971a). On the effects of topog- 
raphy on planeta~ T atmospheric circulation. J .  
Atmos. Sci. 28, 1134-1143. 

BLUMSACK, 8. L. (1971b). On the effects of large- 
scale temperature advection in the Martian 
atmosphere. Icarus 15, 429-442. 

BLUMSACK~ 8. L.~ GIERASCH~ P. J., AND WESSEL~ 
W. R. (1973). An analytic and numerical study 
of the Martian planetary boundary layer over 
slopes. J. Atmos. Sci. 30, 66-82. 

BRIGGS, G. A., AND LEOVY, C. B. (1974). Mariner 9 
observations of the Mars north polar hood. Bull. 
Amer. Meteorol. Soc. 55, 278-296. 

CHARNEY, J. C., AND ELIASSEN, i .  (1949). A 
numerical method for predicting the perturbations 
in the middle-latitude westerlies. Tellus 1, 38 54. 

CONRATH, B. J. (1975). Thermal structure of the 
Martian atmosphere during the dissipation of the 
dust storm of 1971. Icarus 24, 36-46. 

CONRATH, B. J., CURRAN, R., HANEL, R., KUNDE, 
V., MAGUIRE, W., PEARL, J., PIRRAGLIA, J., 
WELKER, J., AND BURKE, T. (1973). Atmospheric 
and surface properties of Mars obtained by in- 
f,'ared spectroscopy on Mariner 9. J.  Geophys. 
Res. 78, 4267-4278. 

GIERASCH, P. J., AND GOODY, R. M. (1968). A study 
of the thermal and dynamic structure of the 
Martian lower atmosphere. Planet. Space Sci. 16, 
615-646. 

G1ERASCH, P. J., :kin SAGAN, C. (1971). A pre- 
liminary assessment of Martian wind regimes. 
Icarus 14, 312 318. 

GOODY, R., AND BELTON, i .  J. 8. (1967). Radiative 
relaxation times for Mars : A discussion of Martian 

atmospheric dynamics. Planet. Space Sci. 15, 
247-256. 

HANEL, R., CONRATH, B., I-IovIs, W., KUNI)E, V. I 
LOWMAN, P., MAGUIRE, W., PEARL, Z., Pl RRIAGLIA, 
J., PRABHAKAVA, C., 8CttLACKMAN, B., LEVIN, G., 
STRAAT, P., AND BURKE, T. (1972). Investigations 
of the Martian environment by infrared spec- 
troscopy on Mariner 9. Icarus 17, 423-442. 

KLIORE, A. J., FJELDBO, G., SEIDEL, B. L., SYKES, 
M. J., AND WOtCESHYN, P. M. (1973). 8 Band 
radio occultation measurements of the atmosphere 
and topography of Mars with Mariner 9 : Extended 
mission coverage of polar and intermediate 
latitudes. J. Geophys. Res. 78, 43314351. 

LEOVY, C. B., AND MINTZ, Y. (1969). Numerical 
simulation of the weather and climate of Mars. 
J. Atmos. Sci. 26, 1167-1190. 

MASS, C., AND 8AGAN, C. (1976). A numerical 
circulation model with topography for the 
Martian southern hemisphere. J. Atmos. Sci. 33, 
1418 1430. 

POLLACK, J. B., LEOVY, C. B., MINTZ, Y., AND 
VANCAMP, W. (1976). Winds on Mars dining the 
Viking season: Predictions based on a general 
circulation model with topography. Geophys. Res. 
Lett. 3, 479-482. 

RossuY, C.-G., et al. (1939). Relations between 
variations in the intensity of the zonal circulation 
of the atmosphere and the displacements of the 
semi-permanent centers of aclion. J. Marine Res. 
2, 38-55. 

8MAGORINSKY, J. (1953). The dynamic influence of 
large scale heat sources and sinks on the quasi- 
stationary mean motions of the atmosphere. 
Q. J.  Roy. Meteor. Soc. 79, 342-366. 

WEBSTER, P. J. (1972). Response of the trolcical 
atmosphere to local, steady forcing. Mon. Weather 
Rev. 100, 518-541. 

WERSTER, P. J. (1973a). Remote forcing of the time- 
independent tropical atmosphere. Mon. Weather 
Rev. 101, 58-68. 

WEBSTER, P. J. (1973b). Temporal variation of low- 
latitude zonal circulations. Mon. Weather Rev. 
101, 803-816. 

ZUREK, R. W. (1976) : Tides in the Martian atmo- 
sphere. J. Atmos. Sci. 33, 321-337. 


