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THE MODEL OF THE COMPOSITIONW OF THE MARTIAN ATMOSPHERE

M. N. Izakov, 0. P..Krasitskiy

Introduction
A knowledge of the composition of the planét!s mtmoghhere .2ilong /3.
with its thermal conditions and dynamics is necessary to understand
the structure of the atmosphere and the processes that take place in it,
as well as to solve the problems of thg evolution of the atmosphere.
During the past few years we have noted considerable progress in the
study of the Martian atmosphere, including its composition, to a
significant degree because of research using spacecraft. (See, for
example, reviews [1-4] where there is a detailed biblidgraphy). '
The Martian atmosphere (the average pressure at the planet's surface
is 6 millibars, the average temperature is 220°K [1-5]) contains approximstely
95% 002, 2-3% N2 and 1=2% Ar [6-T]1. A large quantity of argon, obtained
by indirect means [8]., is either excessive or belongs to some kinds.gf
local conditions. ‘In addition; the atmosphere containssmalincomponents
£the yolimetidc -content réiatiﬁéttOﬁCOE): molecular oxygen 02-(0.35~1.2)10?3;
carbon monoxide CO- (0.4-3.0)10"%. ~THe content of water vapor in the
atmosphere changes with the seasons and the latitude within the 1imits
of approximaﬁely 5 to 50 U of the precipitated water, and sometimes oz
over the polar caps it falls to a fraction of a W, andiin lower lati-
tudes it sometimes reaches 100 u [13-1T7]. In the Martian atmosphere
ozone is found; according to data of the ultra-violet spectyometers on
the Mariner 6, T and 9 spacecrafts in the low latitudes, the level of 03 /4

was less than the sensitivity level of the device, equal to 3 p-atm.



(1 p—atm. = 2,687-101%em 2), and in the polar areas the level of 03
varied from 3 to 15 p-atm., and sometimes reached 60 p-atm. [18-19]:
According to éimilar measurements on the "Mars-5" spacecraft, it was
determined that in low latitudes the content of O3 is not less than 3 p-atm.
and that the maximum of the layer of 03 is located at approximately

40 kilometers [20]. The concentration of atomic hydrogen at:

altitudes of 200-250 km (measured by the luminescence of the atmosphere
in the lyman-alpha line of hydrogen 1216 Angstroms) is equal to

nH(ZSO) = (2—3)-104Cm73 [21-24]. From the emissions of the Martian
atmosphere in the lines of atomic oxygen we foumiﬁthatlat an altitude
of 135 km {(close to the ionospheric maximum) the concentration of

the atomic oxygen in relationship to the concentration of CO;

is equal to n, (135)=0.5-3% B, [256-28]. From the emissions in the
2

CO zones we made the following evaiuation: Tog (135} = 0.3-1.0% nCOZ
[26].

Theoretical models of the composition of the Martian atmosphere,
permit in the first place, the coordination of different experimental
data; secondly, prediction of the presence and altitude profiles of several
atmospheric components that still have not been found in the experiments;
thirdly, explanation of the surprising fact of the predominance of CO»
to high altitudes in the presence of its quick photodissociation and
slow association of CO and 0 [29-32]. However, several hypotheses
formulated when construycting these models need to be refined, not all
of the computed concentrations céncur with the experimental data
and have significant differences between the data from different models.

In this report we suggest a model of average global distributions

of the atmospheric components from the surface tocan altitude of 250 km,.



in which we used a more accurate turbulent mixing coefficient, depending
on the altitude; we have refined the rates of several chemical reactions
and the rates of photodisscociation of several components according /5.
to the latest experimental data; we used data obtained by us earlier on
the thermal condition of the upper atmosphere; we developed a detailed
method of computations. M8 a result we have a good agreement between
the data of the models and all of the experimental data; we have explained
possible wvariations in the concentrations of atmospheric components at
different altitudes depending on the possible variations (long periods,
for example - seasonal), the temperature, the humidity and the turbulent
mixing; we have defined the relative role of the different processes
determining the atmospheric composition of Mdrss Limitations with long
period variations are determined by the fact that we have found
steady-state distribution e¢f the concentrations under global-average
conditiocns. However, since these distributiomns are deterﬁined by
integratioP in time, this subsequently permits the use of the model
apparatus after modernizing it for studying both short-term (daily)
and longer period (evolutionary variations in the Martian atmospheric
compositioﬁ.
1. Comstruction of the Model
Spatial distributions and temporarxy variations of atmospheric components

are described in equations of continuity for the concentrations of the
components which include the basic processes determining the composition
of the process - the origination and destruction of particles in chemical

and photochemical reactions and their transfer by molecular diffusion and

turbulent mixing (see, for example, [4]1). The composition is of course on



conpected with the thermal conditions and movements:in the atmosphere,
so that a strict examination requires simultaneous solving of the
continuity equations with thé:equations of movement and energy
balance. However, in viéw of the fact tha? the basic component
in the Martian atmosphere is CCE which prgéails .to high altitudes,
we can initially find the thermal conditions and movements for the
atmosphere from €0, (as it was done in [33]) and, using the temperature /6.
profiles found there, we can sclve the system of continuity equations for
the components.

An evaluation of the characteristiec times of the different processes
which: determine the planet's atmosphere show that the distribution
of the components hi(z) at the altitude are basically determined by
slower processes of transfer along the vertical, whereas the quick
transfer along the horizental (which is a result of the quasi=horizon—
tality of atmospheric movements) to a significant degree decreases the daily
variations. This fact allows us to ignore the derivatives along
the horizontal in the transfer member and, thereby, to reduce the
problem to a spatial-unidimensional one, having written the equation
of continuity for concentrations of the components]i% in the following

form:




Here, t - time, Z ~ the altitude; Dk - the diffusion coefficient

of the particles of the X-component, K — the coefficient of the

turbulent mixing:; T is the temperature; 1, is the molecular weight

k
. of the k-component, U is the average molecular weight (ﬁ=n_12ukﬂx, n=2nk),

uk is the thermodiffusion factor (significant only for hydrogen,

L f= 0.38); RO is the universal gas constant; g is the acceleration
H »

of the force of gravity; Pk and Lk are the speeds of the appearance
and disappearance of the particles of the k-component in the
photochemical and chemical reactidns.

The mewmbers describing the photodissociation of the molecules

of the L-type take on the form (see, for example, [%, 3bk]): .

T e,
v

where A, V are the wave length and the photon freguency., X is the

zenith angle of the sun, h 1s the Planck constant, F}m is the spectral

stream of the solar ultraviolet radistion on the boundary of the
atmosphere (the values of which are used in accordance with [35]1, for

A<1000 E, and according to [36], for large A); 0, is the absorption

coefficient by the %£-molecules, 0% is the photodissociation coefficient,

equal to 0%= Gy when A°2 1000 2 ana (52: 0o O,Q, when A £ 1000 i

is the ionization coefficient); +the values of o are

i
(here o CO»

L

according to [37-39], of 6. according to [36, 40, 41], © according

Oz O3

to [36]3 GHZO acceording to [42] s O

H,05 accord}pg to [43]1, o

HO o



according to [44].
%
The cross—section of the attenuation of radiation with

carbon dioxide gas O 05 quickly decreases the wave length A

C
up to A = 2050 3, and with lavger A it decreases much more slowly
[38] . :zShemansky [38] showed that this deviation on the GCOZ(A)

curve is explained by the facht that here a cross-section of Rayleigh
scattering is added %o the cross-section of the agbsorption of
photons in the process of photodissociation. Therefore, during

computations of CO2 .4 +1vsis we integrated up to A = 2050 K.

If we consider the entire cross-section of attenuation due o
'photodissociation, then the rate of photolysis.at the surface of
Mars is an order of a magnitude greater.

L (in an effective spectral interval

In computing LCOZ’ LOZ, Ha0

A £ 2050 3}, in the. sum, found in the index of the exponent.in formula

(2), only the member whichibakes COpinto consideration is-essential (in view
of its predominance); and the-integral wlong Z i replaced by NCOg = Dag,

(z) Hcoz(Z)secK (since €0, is distributed according o the barometric
formula). Thus, it seems that these members are the functions of the

number of COs molecules in the I\ICO2 column. These functions can be solved
beforehand., having beén gliminated from integration for A and for Z

in each step of the computation. On the other hand, when calculating

LOg’ LHgO s LHO2 (in the spectral interval A £ 2000 ﬁ, where the
cross-sections of these components are much larger than the CO2 /8.
cross-sections and are comparable among themselves), all of them are

ineluded in the sum in the index of the exponent; in addition, the

distributions of these components differ from the barometric formula;


http:exponent.in

therefore, when computing these members one has %o integrate both
for Z and for A.

To determine the average global distributions of nk(Z)
we set the average daily profiles T(Z) according to [3, 33] and
the average values for the photodissociation rates iﬂ’ for which we.
solve it when X=60° and we take éfihe resulting value to £ind out that
the source is acting for one half the time of day, i.e.

El =—%—-LQ {X260°). An examination of the previous models (including
models for the composition of the Earth's upper atmosphere) and of our
model of the thermal conditions of the Martian thermosphere shows that
the average distributions found in this way are close to the conditions
near the terminator in the middle latitudes.

The members describing the binary chemical reactions have the
form: Ksnkng, and the triple reactions: - Ksnknin. The accepted
system of the reactions and the coefficients of the reaction speeds,
-chosen from the latest laboratory measurements and evaluations [ﬁ5—623,
are presented in table 1, which demonstrates the majority of Ks

changes sharply depending on the temperature.

The model includes 12 neutral components: CO0sz, 0z, CO, 02,

+
o{®p), o('p), H, Hy, H,0, OH, HO,, Ho0p, and also the ions (0 ,
1
CO2H . And for 11 components the system of equations (I) was solved,
and the concentration of C0: was found from the barometric formula

n (2 = 0) and T(Z), according to the model [3, 33]. Evaluations

CO»
ghowed that this is a very glOSe approximation, because, in the
first place, the characteristic time for existence of €Oz in the

Martian atmosphere is very large, many orders of magnitude larger



than the characteristic time provided in the problem, and, in the
second place, the CO; concentration is wmuch larger than the conceh=
trations of other components in almost all areas, and at high alititudes
where the O concentration approximates that of COz, the diffusion time
is s¢ small that nCO2 is determined by its concentration in the lower
layers, so that the barometric forﬁula for it is not impaired for

all practical purposes.

The ion reactions [34, 351 (table 1) significantly affect ~the

concentration of the neutral hydrogen Op at altitudes greater than

+
V100 km. The CO; concentration was taken close to the empiric profiles,

according to the measurements of the "Viking" spacecraft [12].

The expressions for the diffusive sbreams in a multi-component
mixture of gases are very complex [63, 64], however, the predominance
of €0z in the Martian atmosphere allows us to use an approximation of
the small component, by using D, - the diffusion ceefficients of the

k

k~componen® in COp Wﬁgre Dk is very well approximated in the form

Dk = ATSnnl. The expressions Dﬁ*foE the components in the computations
are taken from experimental data [65, 66], and for several molecules
for which there are nc data, the& are taken from the molecular
characteristics, presented in -[63, 64]; moreover, for these

molecules of the short-lived components, D is completely insignificant

k
(in view of the presence of photochemical balance Pk = Lk)'

The turbulent mixing coefficient K was glven as an altitude
function in the following manner: we considered that near the

homopause the values of K can change from X1=9.10°% o 8.107cm23ec—1,



according to the estimates [67];, then the altitude of the homopause
changes from Z1=120-240 km; at the planet's surface the values for
K can change from Ko=10°-10%cm®sec ! [68-69]; from the surface to the
homopause we considered that log K increases linearly (see figures 1-k
and table 2).

In computing the models we assigned the following boundary
conditions: on the lower boundary (at the planet's surface, where
7 = 0) we assigned the absence of streams for all components, except /10,
H»0. For water vapors we assigned a definite value of the concentration
anO(O)’ starting from the assigned humidity which, for different wvari-
ations of the model, changes from 0.6 to TOW of precipitated water
in accordance with the experimental data [16, 17]. At the upper
boundary (Z = 250 km) we assigned the condition of diffusive equilibrium
for all components, except H, Hr» and 0. For H and Hy we used the

departing stream because of the thermal dissipation, according to

the Jean formula

. L SRIGINAL PAGE I8
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where K is the Boltzman constant, subscript ¢ is the value of the

S

exobase '-,f For oxygen we used the departing stream,

- HH}Hﬁ.

equa.l to hald the departlng stream of the atomic hydrogen, 1.e.

iqjo - 2 ((%)-h —5‘2 {P;H )_) in accordance with the McElroy conclusion

o s -—Feas s

on the presence of nonthermal escape of oxygen as a result of the

fact that during the dissociation-recombination reactions

002 +e"‘%’GG “i‘f}HOE +8-%ﬂ0-§-0 the 0 atoms obtain a

- = )




speed larger than the critical speed [30, 70]. The estimates of the
number of atoms with velocities higher than the critical, forming in the
dissociation—ré9ombination reactions, .are also close té the @o value.
The choice of the initial conditions of Ny and no2 is made
according to émpirical data and is based on the following considerations.

The dominant components of the Martian atmosphere enter into reactions

as a result of which (ignoring several secondary reactions) can be written

...}.
as ECO2 <~ 200 + 02, ., i.e. for each Q2 molecyle, two CO I
molecules are formed and disappear or ANCO v QANOé and S
consequently, N NN+ A , where A is a.constant.¥) If .

Co ™~ 02

A =0 (i.e. at the initial moment the Martian atmosphere would have consisted /11.

of pure 002), then it would always be that NCO/N02 n 2. However, the

experiments show that in the Martian abtmosphere the value of this rela-

tionship lies within the limits of 0.5-1.0. As initial conditions for CO

and O2 we also chose the latter profiles, so that constant A-= -2.12';"102ﬂcmu2

(a.certain excess of O atoms is assigned). In this case with ¥ =

co
=2,12+10%%m 2 we get N , = 2.12:12%%m ? and Nao, ¥ = 1, which is

0 02

e % mmas o i

0

close to the experimental data., The c;ﬁputations showed that in all
variations of the model the relationship NCO/(2NO2 + A) & 1 with good
accuracy (the deviations do not exceed 4%, see table 2). This shows
that at first this difference in the iﬁflow and outflow of water

does not 1lead to a significant accumulation of 0# in the Martian - .-

atmosphere and, secondly — the computation scheme is conservative.

%
) The relationship 2AC=A0 is a litile more accurately fulfilled (locally),

which may be verified by writing their equality thusly:

o + + + + + + -
o, T %o, T w0 ¥ a0, T To T Tor T o, * To(*p) T Feo
- yand substituting the expression for f, =P -k . However, even this

equality is impaired (integrally) because of the differences between
10.

=0



2. DNumerical Method
For a numerical solution the initial system of eguations

(I) is written as:

20 g MNP
o =2 (D)’ mz(ggfﬂﬂwim‘“

N

where yk(Z) is the steady—state solution of the boundary problem with
zero streams on the border, with arbitrary initial conditions

gnd Zero Pk and Lk'

fB)50 E_XP%

o e i e

?“
i X2 éf?i%_ i}<}%'kf<}fﬁ ag
1Tz HKH(D,{—r {)ﬁ ) 22

Ll tu-mv:r_m}

fhe constant C is determined by selepted initial conditions.
The expression (5) is a generalization of the barometric formula for
the k—component. Writing the equation in the form (k) permits the
isolation of the exponential dependence of the concentration on the
altitude, which significantly improves the differential approximetion
of the initial system of differential eqﬁations, because many
components of the Martian atmosphere are distributed according to the
barometric fofmulas 0z, H20, CO, Hy at all intervals of the altitudes,
E and O in the upper layer of the atmosphere).

A stationary solution is sought by the determination method, i.e.
we are integrating for t uwntil we find a sbatiomary solution.

Differential equations are replaced by the differences on a network

the amount of O atoms leaving the atmosphere. Precisely because of this
there is an excess of 0 in the Martian atmosphere, described
herein with the constant A.

ORIGINAL PAGE 1y
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of uneven altitudes (with thickening at the bottom). In most of the
computations we used the following network: Zi = 0, 0.1, 0.3, 0.9,
2.7, 6.4, 12.5, 18.7, 25, 32, 39, 4T, 60, Th, 91.2, 105,.120, 1ho,
160, 200, 250 }{3;1 _S‘uch‘ a concentration of points is made for
improving the approximation of the system of diffusion equations

by the differences at a set number of points and for decreasing tﬁeﬂ:v
possible error‘becaus:e of the poor approximation of the lower
limitting border -con'd_-i:tion_ (zero S‘b.:r.'.ea.m).

1

We use a-condervative, tnclear differential scheme of the Fecond
order of .accuracy for Z: fhe;éiffﬁsion member ig wri%ten along threg
points cerrespending to E?l], but the noniinéar.members are aligned in
the middle po'\in‘t and at each intermittent step they are improved by
iterations according to the Newton method. The, solution of linear

equatlons at-each 1terat10n is conducted 301ntly by the exclusion method

of Gauss. Thus, the dlfferentlal scheme takes the form:

e S -

?+% J TR Ty T 9 : 13,
Him nlt m a4 ?'x,m-wfz. H,m—~2 - jg+{ -;?_ . —
At ) AsEEn, Kym
- P
) ﬂ})“_‘,! 2.
,_¥ - =

here {7 _,m =70.1,...N, Z, = 0, Z = 250 km, AZn = Zu - Zm-1} is an

uneven network.

T2,



m is Tthe number of the point by the aliitude; AZm  is the
step by altitude;

V is the number of gteps in time; At is the step in time:

P is the nummber of iteration by nonlinearity;

K is Tthe number of the component;

Zinipy = B 0.5. 6 g
- ORIGINAL PAGE IS
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/2= [((DK"'K) 3;4—} m‘i”i/,irf
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. Thg
%%mﬁ&:"amwﬁ ;-ﬁzﬂé:ﬂ}m?

— ‘_%Eﬂ m.' A ]ﬂi-i

Togn-1a= = Qe =220

-- the expression for diffusive streams.

To obtain a conservative differential scheme we mu'st also write
out the differential expressions for diffusive streams on the
boundaries. The following expressions maintain the conservatism of the

scheme:

13.



= § - on the upper boundary:
q'ﬁ, M-271 _ TP v
%R) g =10
. e . - on the lower boundary.
%’H,ﬂ-%ﬁl - (pﬁizﬁ) 9

Ci,pi Ned/2 = 1 f‘f,z{Zﬂ\J

% R3/9° @mzc}* sH:z.{éJ 14

The boundary condition for Ho0O at the lower boundary is written

as: n = (1, where C; is the assigned concentration.
H.0, O

In view of the large scaiter of characteristic times

'}35:;(] B . Kl
(1# 63’\ﬁ L IO - IOIO ’ ’rtL ~ = 102 - IO sec)

hem .sec -~ __di LT .

the linear differential system of equations, approximating the
gsystem of differential equations, is poorly stipulated. The
poor stipulation leads to an increase in errors in rounding off with
the growth of At. In conjunction with this at large times (larger
%han approximately 107 sec) we had to compute with double accuracy
(Fortran BESM-6, twenty-four decimal places). Since the number of
required operations for solving the system of equations according to
the Gauss method is proportional to the cube of the number of
equations, the multiple components of the problem also lead to
serious difficulties.

To overcome the difficulties we used the following scheme of
computations:

1. From the initial conditions we make one step in time Atxo.l sec.;

1k,



if the iterations coincide, A% is increased by a factor of 1.5;
if the iterations do not coincide (since at the given At sharp changes
in . n take place)}, the step is decreased by 3 times; these
computations are condlcted:.on a coarse network — ten points along the
altitude.

2. With the appearance of large errors in rounding off

(they appear because at the given At the concentrations n_ change very

k
little which is confirmed by the integrating at the point of Hime
At with a small step At:; +the iterations nevertheless db not coincide -
the significant numbers n, "dangle") the computations are conmtinued with
double accuracy on the BESM-6 computer the speed of the computation is
decreased by 4-5 times); the computations are also continued on the
coarse network.

3. After obtaining the steady solution on the coarse network r /15.
the number of points increases until we obtain the necessary accuracy
(21 points were sufficient to arrive at 5% accuracy).

Receiving a steady solubtion with this .set oflcomputations takes
N1 héur.

After this we vary T, NHgC’ K - the time for solving different
variations is v 6 minutes (time for first iteration at the 2ist point
on the altitude with double accuracy is V1.5 minutes).

In conclusion, we can say that the numerical me%hod was
practical in solving the problems with the number of components in
the order of ten. This method is the strictest, ddes not use the

specifics of the chemical and diffusion processes and therefore

is most general. OFf course, other methods of soluticn are possible,

15.



which use the gpecifics of the processes and therefore can be more eco-
nomical. For example, in the work [73, 74] the component cleavage

of the chemical processes is used and the correction of the golution
takes place by examining the groups of active components, the concen-
tration of which slowly changes in time. The work [72] uses the cleavage
of the physical processes, i.e. the diffusion is separated from the -
chemistry . After this, the diffusion equations are cleaved by

component and are solved by subsequent scalar trial runs, and the

equations of chemical kinetics azre solved jointly.

3. Results and Discussion

+. The altitude distribution of the concentrations . in
several basic variations of the model are presented in figures -k
and, in addition, the basice characteristic of several of the variants
are presented in table 2, where the available experimental data are
presented. The figures show that the long-lived components {(CO0s, CO, l;§L
02, Ha, H20) are distributed in the altitude according to the
barometric formula, whereas in the homosphere the altitude scale is the
same for all of the components, and in the heterosphere - they are
different; i1in the Wéter vapor in the troposphere the altitude scale Is
determined by the curve of saburation and is approximately equal to 2 km,
vhich is significantly less than . The remaining short-lived components
have more complicated profiles, and the profiles 0(°P), 0(!D), H and OH

have maximums at the planet's surface. [CO2].is comparable with

[0] at Z=250 Xm. (in the basic variation).

16.



2. Let us compare the characteristics of our mdédel with the
experimental dsta which, ag we showed in the introduction, are quite
numerous and varied. As we see from table 2, the values of the total
content of Oz and CO in most variations of the model are within the
limits of the distribution of the experimental data, with the
exception of low-humidity variation (0.6'u of precipitated water),
which yields somewhat larger values. The values of the relative
concenvrations [0]1/[C0»] and [CO]/[CO2] on the ionospheric maximum are
also within the distribution field of the experimental data except™
for the variant with the minimal turbulent mixing coefficient in the
thermosphere (Kﬁ = §.10%mn”/sec), which yields values that are several
times larger. It is entirely possible that there variants may be rea=
lized also at some time.

The values Tor the concentration of atomic hydrogen on the upper
boundary at an increased temperature T_ and decreased humidity
approximate the experimental values [H]250 = {2 - 3)-10“cmf3, but in most
of the variants they exceed these walues several times. Tae basic
model satisfies the experimental data best of all (tﬂe average rfor
K in the upper atmosphere and the minimal in the lower atmdsphere).

In this model all of the concentrations lie within the limits of 17
the secatter zone of the experimental data, except a slightly increased
content of 03 (7.4 p-atm.) and a slightly increased TH1250 = 3.7+10" cm °.

The czone concentrations in our model change from 21 p—atm. atb
low humidity (equal to 0.6 u of precipitated water) to k.7 p-atm.

Oz at 15 U or more of precipitated water (figure 5). These values

are within the séatter limits of the experimental data (3-60 W-atm. Os).

iT.



True, the values at high humidity (approximately 5 up-atm.) are
slightly higher than the experimental (<3 p-atm), however, it

was found that complete agreement is obtained if we take a warmer
troposphere; this is completely cut, i.e. in our model we took the
global, average value abt the surface of the planet TO = 220 K,

vwhereas at the lower latitudes where there is a lot of humidity

[16, 171, significantly higher temperstures T_ = 250 - 270°K are usual
[3, 5, 75]. The ozone content at the increased temperature increases
because of the reverse temperature dependence of the speed of the

reaction K...
ii

This permits us to conclude that the data of our model are in good

agreement with all of the available experimental data.

3. The model shows that the variations in intensity of the =
turbulent mixing in the thérmosphére within the possible limits
(K, = 9.10°-8.107cm*sec ') result in noticeable variations of the
concentrations of several components (compare the variations 2 ahd 3
in table 2). The O and @0 concentrztions decrease especially strongly
with an increase in' K (approximstely by 6 and 3 times, respectively).
Apparently this takes place as a result of an increase in the transfer
of the CO; molecules upwards where they are subjected to
photodissociation, and a transfer of CO and 0 downward where they
agsociate as a resuli of the cycles of chemical reactions described
below. Lower wvalues of the H concentration at the exobase also
correspond to a greater intensity of the turbulent mixing in the
thermosphere.

The turbulence in the lower atmosphere also plays an important

18.
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role.” With the reduction of K the total content of CQO, 0z, and 03

inecreases and the level of Hp declines, whereas the H and Hp at

the exobase decrease. In our model when Kb = 1050mzsec_;, in the

troposphere the best concurrence with the experimental data is obtained.
b, Studies of the effect of the variations of temperature in the

upper thermosphere (the average global values of which can vary

from T =262%K at low solar activity to Tm =359°K at high solar activity

[76]1) shows (compare variants &t and 5 of the model) that with an

increase in T within the prescribed limitations, the concentrations

of several components at high altitudes increase (for example,

[cO,] inereases by approximately 5 times) because of an increase

250
in the altitude scale, and the concentrations of the atomic and molecular
hydrogen noticeably decrease (by 5 and 1.6 times, respectively)
because of an increase in the stream of the thermsl dissipation, the effect
of which prevails over the effect of ah increase in the altitude
scale.

5. The effect of the increase in the humidity is manifested,
as we noted above, by & strong decrease in the ozone content”.
(figure 5). In addition, with an increase in the humidity from 0.6 u
to 35 U of the precipitation., the level of H, Hy and OH significantly
increases; thus, the concentrations at the upper boundary [H]

250°

[Ha1 increase approximately T times, and the concentrations at

250
the lower boundary [OH]o increase 10 times.
6. We studied the effect of the variations of the ion compo-

+
sition, or the amownt of [C0>], on the concentration of the stomic

hydrogen in the thermosphere. Since the hydrogen in the thermosphere

19.



is basically formed in the reactions (3%, 35), then with a decrease
in tCOi} by 3 times, the concentration of [H]250 decreases by 2 times /19.
(variants 9 and 10),

7. The model shows that the effect of the reaction of the
photodigsociation predominates at altitudes higher than approximately
50 km, but in wvelocities the chemical relations are comparable with
them at lower altitudes (figure 6). The difference between the
speeds of formation and destruction of the components is compensated
for by the diffusion streams below 120-140 km - as a result of the °
turbulent diffusion), which, as we see from figure 7, transfer the
CO and O dowmward; O, is transferred upward at altitudes more than
60 km and downward at lower. altitudes; H - upward at altitudes more
than V105 km and downwaxrd at lower altitudes; Hs - upward at altitudes
more than approximately 20 km and downward at lower altitudes; O3 -
upward at altitudes more than 40 km and dowvnward at lower altitudes.

Some of the reactions introduced by us turned ocut to be insig-
nificant (7,_8, 12, 16, 21, .27, 29, 33), meaning that their comtribution
to the balance of any component in the entire range of altitudes
examined is less.ithan 1%. These reactions may be excéluded from
further compuitations, ~ T

Tn previous reports [2, 29 — 32], we indicated several catalytic
cycles aiding the association of CO and 0, specifically:

Ist cyele:

v H+ 02 + M-+ HOp + M
HO + O+ OH + 03

CO+ OH —+ COz + H

20.



resulting: CO + 0 + CQy
then the IT cycle:

H+ Qo + M= HO, + M

HOs + HOz = Hz0z + 02

H202 + hv + 20H

CO+ OH*>COz + E

© . =l bresulting: 2C0 = 0, > 2C0; f20.
and, finally, the IIT cycle:

0+ 02 +M~03 +M
Os + H~- OH + 02

CO + COH — COp + H

resulting: CO + O - CO»

This yielded opposing opinions about the relative humidity of
these cyeles. Our model shows that all three cycles play a definite
roles, and ab the surface in the 2nd cycle 63% of the OH molecules
form, in the 1st cyecle — 35% and in the 3rd - approximately 1%; at
an albtitude of geveral km the prevailing contribution is given by the
1st cycle, the 2nd cycle becomes negligible; at an altitude of
approxiamtely 30 km the 3rd cycle's contribution is comparable
to that of the 1st cycle and at higher altitudes (up to 100 km) the
3rd cyele prevails.

An important role in the chemistry of the Martian atmosphere

is played by excited oxygen O(ID) atoms in splite of the fact that

21.



their concentration is very small (about 1 cm 3). These aboms are

formed in the photodissociation of O3 (reaction 3) with a speed

3 1

approximately of 1.1+107cm ’sec ', and immediately, approximately

with the same speed, they are destroyed in the impact deactivation with
C0s (No. 18), however, approximately 2¢10" atoms cmfssecml, enetring
reaction 19 effectiveli ‘break up the hydrogen molecules and approximately

3.5:10% atoms cw °sec © as a result of reaction 20 break up the Hz"

~

molecule.

8. The global, daily-=average streams of dissociating radiation
which we used can increase the concentrations of the short-lived
components. Therefore, we compubed a variabion (figure 4, Wo. 11 in
table 2), in which we used the average daily Los,'LHz@2 and LHO2

(i.e."le1 (X = 60°)), twice greater than the daily average. In this

variation we obtained an ozone layer (N = 3.4 u—atm.) close to the

O3
experimental level. Tt is also interesting that in this wvariation /21,
(in comparison with variation No. 1) that the concentration of CO at
the surface decreased two times, and the concentration of 0; decreased
1.5 times, whereas in the thermosphere the concentration of all of these
components practically does not change. Apparently, this decrease
took place as a result of the cycles of chemical reactions mentioned
above. Further improvement of this factor is possible onyl within
the framework of a model deseribing the daily wvariations.

To compare our model with that of Liu and Donahue [32] we.compibed variatio
(no. 12 in table 2) with parameters close to those used in [32] -
(K = he10%cm?sec” 4, N = 15 of the precipitated water, close profiles

> "H20

of T(Z), (Z)). The concentration of most of the components

Beo,

in this variation satisfactorily agree with those in [32], and the

22.



ratios of [O]lho/[coé]lho and [CO]IMO/[COZ]lhO is almost one order less
than that of [32]. The concentration of [COz] = 1.65'10_#[‘002]6

and [02] = 6.10_"’[(302]O are considerably lower than in [32] apparently
because of lesser speed of the Qoé‘phétediésoéiation in our model,

equal to 1.7+10%cm %sec ! (see the speeds of the reactions in figure 5).
In addition, it can be seen that in our model some additiocnal

conditions were not applied, which were used in [32].

10. Measurement s using the mass-spectrometer on the Viking
spacecraft showed that pfesent.in_the-Martian atmosphére are nitrogen
~fINz] o 2-6% [C0,]1) ana nitrous oxide ([NO] p 107cm ° at an altitude
of 110 kilometers). Evaluations showed that these small concentrations
of NO do not significantly alter the picture obtained from our model.
However, the concentrations of several small components (particularly

- HO,) can change somewhat. Moreover, there is a possible effect of

4 +
NO on the ionosphere through the reactions N + 0 +» NO + N and

3 1

N& + WO + NO' + WO, which have high speeds in the order of 10 ’cm ®sec”
11. PFor different wvariations of the desecribed model we

performed evalustions of the departing stream of oxygen atoms @O

grising with the dissociative recombination of the O; and CO? ions

(an exact computation is possible only with an exact determination of

the distribution of the ion concentration and the electron and

ion temperatures)}. Tt turned out that the @0 is much less variable

than the departing stream of hydrogen atoms (®H+2@HZ) (because the

first one is determined ultimately by the concentration of the basic

component CO, and by the speed of the ion formation, whereas the

second one depends moré on the neutral composition and its variations).

In several variations the ratio of these streams is entirely

/22.
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@o/(®H+2®H2) ~ 0.2-- 0.3, that is less than 0.3, which was permitted
earlier., It is possible hecause of this consideration over a long
period of time to build up an excéss of oxygen atoms, noted above (see

page 11).%

In conelusion we would like to express our thanks to A.I.
Poroykova {Institute of Chemical Physics, Avademy.df Scidences USSR),
for help—in selecting the coefficients of the speeds of the chemical
reactions; E.E. Shnol (Tustitute of Applied Mathematics, Academy
of SCiences USSR) for his consultation on the numerical methods and

T.M. Donahue (University of Michigan) for familiarizing us with his

report [32] before its publications.
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No.

Reaction

Table 1

Reference (¥}

JO + Bx0p - OH + HO,

CO+h) (40-2062) -+ CO+0

. 02+]-\Q(40-2062) — 00

04+h7 (2000-3600) + 0(Fp )+0,
H,0+hV (1515-2000) + OH+H
H,0,+ ) (2000-3600) ~+ OH+OR
HO+hY (2000-3600) -+ 0+0H

CO + 0+ COy— CO, + CO,

CO + 0+ CO, + N

GO + OH -+ CO, + B

G+ 0+ COy—+ 0y, + COy
0+ 0 + CO, 05 + CO,
+ 09— 20,

+ Ho+ OH + H

'+ QH_—s- 02 + B

+ HOy—~ OF + 05

1 =

o(%p 9+ €0, +0( %)+ co,

0(1D ) +E,0 -+ 208

{0y By w0m e B

Speed
3= 362,107 " [37,38,39).
2,00,70°  [36,40,41}
%,12,1077 136}
2,06.1070 (22}
7 41,107 (431
5,65,107 -+ {u4]
I,0I.10772 X/)(_awo) 15,26}
6,64 .IO"‘IS 1850) [a7]
2,110 % exp (__lIG lg]
3,107 ( _’)"2 ? fas,50)
I,4,10°%° 3?0_2_)-2»5{2;9,5@
2.9.10°1h,, 2280) 57}
7,0.10°1, P(“sooo [53)
4,0,70~L1 [52,53]
8,0.10°1L, - (_.500 (5]
2 3 IO-IIXP(_ .Jaoo) [55]

3 IG“II"JXP 3200 5
I8 3:0‘10 {56] .
3,0,70~10 [57,58]
g_s,,c.,l:a‘"m 157,58}



Table 1 continued:

—

2%,

!.

23,

25,

. 26,

| 2.
!

i,

I S

H+H02 -+ EOH

e e

H+HO, — Hy + 0
H+ HOp .+ Hpy+ 0
24.{H + 05 + €Oy 4 HOp + COp
B+ Ha+ G0y o Hy+ 00,
T 03. +O0H + 0y

27,108 + 0F - H20'-+ ¢
OH?.’"_Hﬁg\ w B+ 8

29.J0H + 05 - H0p + 0

30,108 + B0, - H,0+ 0,
Ots B0, — H0 + HO,
B0, « HOp = HyOp+ 0p
H =+ Uﬁ = Hy ¢ 0 -
oot s+ 5, 4 copt + H
JCOEY +2 5 €O, 4 H

/28,

5,2, 1010 g,\F(- 950y [54

154

o N 1T
89.3@:‘{0 E}(P(-—-—-—I—-—

& 2,701 bxp(- 2 B0y [54] :
2,0, 10~3L { I )«I 3 [59}
© 1,0.10732 G “r )~o 7 ['5@':

26,107 T60}
1000 29, B
| 3,6&0““1&@0 230y [52}

1,330 8y 5 (- 9563 § 34}

- IO‘“‘II-expG 500) \ f5i)

5, 1,307 2 EXF )[62]

1‘?510“133 [551]

3;390104:1% feos@

1,4,707° l_sé}

3,5,70°7 [33}

ORIGINAL PAGE IS
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For

J/QJ * J'm(

*)

J. - a reference to the source £from which §. are taken to compute
- the value of Jl at the boundary of the Martian atmosphere.
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26,

| Vartactm o, r] o2 | 3]s s e
T, % 22 | w2 | 22 B9 | 262 | 22
E;(ous - Iy |30 80] 09 8.0 8.0 1 8.0
K (o ee - I) 10 lor1 | 1 I I A I
NH o( I5 15 I5 15 15 0,6
No Con ) 1020 | 315| 2u3] 252| 243] 243] 482
N o /f\fco L1047 IS5 ) 12| 12 | 1.2 12§ 279
NCO(CH 25,1070 4,I6{ 2,78] 2,91} 2,74 2,74 7,59
N co/eo,-10° 22 13 14 | 1,3 ] 1.3 | 4.2
No (o -am) 71 4.7 &7} a7 ] 5.7 1 21

mo/[coﬂwe,m*‘? 2,31 1.3} 6,3 | 1.3 | 1.3 | 2,5-
5.303140/@051140 0% 18 | LI 32| 1} Lz | 20

ool 10”57 10| o | w7 | 23 | 14
;:Hg]asoccg Hao | es ] 5,20 55 | 41| 6,7 | o.89
oo 0 |16 ] 37 34 | 3.7 | 57 | o6
TosfoCen .0 | 65} s.0f 5.1 50 5.0 58
B (e .10 | 47| 38! 59 138 | 38 | 30
(805 gCei?.107% | 12 | 6.1 6.5 | 6.7 | 6.5 | 4.6
103 o™, 10710 | 97 | a7 b ovs | oar | a7 |53
EOH},@Z%EC‘L{—J)QIO"S I} 201 1,71 201 2.0 t 1.5
0o e e o1 21 ] 22§21 |21 | 3.3
E\ico/?ioe T =‘.T..'3: LI L2 | LI | LI 1.6
f\cofta Ho, + .:;) | 1.60] T.00 0.9977 1.0 @004 1,08



Table 2 /30

- F * “ - -_ -
Model’ ¢ Experimental ..

T 8 g1 I F 12 w3 data . b

522 | 322 | %2 |32 |32 |32 | 320
8,0 8.0 | 80 8.0 34;},“' o | 40

I |z i 0,1 | 50 | 40

331 3 {1 1w |13 I |15 - i
3,47) I.75| 153 | 1.53 | 2,12 | 1.23 |
1.8 |- 002] o8 [o.8 |1 0.6 | 1.3 | 0,5 ~ 3,0
485} I,47| 0.982|'0,978] 2,141 0,336

UE e s e b g

251 0.73] 05 0.5 |1 6,16 | T.6 | 0.8 « 3,0
8.8 | 47 | &2 142 |54 152 |22 wwi
160 2 | 2 2 2,3 1 06,0721 0,5 | 0,5 3
14| 1.3 112 (1.2 {1.6 | oossioss] 0.3-1
3,71 95 1 11 6. |47 125 |33 2~ 3
251 6311 7.3 115 26 ' 1k |

2,2

Lo
]
o
Py
&

3 5
1,79 &3] 51 55 |2
15 | 5.6 | &1 2
s 51|58 |58 |4
561 98 |12 liz 157 131 |1Ls
5,61 4.7 | 47 153 lxo- | 0,37 | 018
I8 ¢ 3.9 |37 138 |13
34§ 1.7 | L5 18 |30 lossi
I § 0,8 | 0,63 }0,63-)-1,0. | 0,27 11,2
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Figure 1. Distribution of the concentrations of the components gf the
atmosphere of Mars.. Basic variation (variation No.l in table 2). Notations:
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Figure 4. The same as figure 1, with average daily speeds of photolissoci-~
_ ationsofo 04 H202 and HO, (Variation No. 11 in table 2).
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Figure 7.
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