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ABSTRACT

A time-dependent computer model of radiative-convective-
conductive heat transfer in the Martian ground-atmosphere
(G-A) system was refined by incorporating an intermediate line
strength CO2 band absorption which together with the strong-
and weak-line approximation closely simulated the radiative
transmission through a vertically inhomogeneous stratification.
About 33,000 CO3 lines were processed to cover the spectral
range of solar and planetary radiation, Effective absorption
by silicate dust particulates, with height-dependent poly-
disperse concentration functions, was built into the model to

- .study the impact of dust on the ground-atmosphere temperature

field as a function of time.

Thls model was subsequently attuned to IRIS IR-radlo~
metric and S-band occultation data for representatlve dates
during the time period November 1971 through February 1872.
Very satisfactory simulations of the measured Irig spectra
were accomplished for the dust-free condition. In the case
of variable -dust-loads, the simulations turned out to be
sufflclently fair such that some inferences 1nto the effect
-of dust on temperature were justlfled

The numerlcal model simulated at high spatial: and
- temporal resolution (52 atmospheric and 30 subsurface 1evels,
- with time-steps between % and 10 min) the heat transports in
the G-A system. The algorithm was based on the solution of
the radiative transfer and enthalpy rate equations., Ground
and atmosphere were coupled by an internal thermal boundary
condition.

Basic flndlngs were that hlgh—resolutlon temperature
soundings and their diurnal histories, generated by the.
attuned model, serve to adjust IRIS-inverted and S~band
occultation-inverted temperature soundings together with IR-
radiometric- data.

Key Words (Suggested by Author)
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1.0 INTRODUCTION

In é previous study, tﬁe feasibility of reinterpreting
Mariner 8 IRIS data by a radiative-convective-conductive
transfer (R.C.C.T.) model was demonstrated for the case of
a dust-laden Martian atmosphere (Pallmann, 1974%). The
findings of this modeling effort stimulated the proposal of
an extended investigation into attuning the R.C.C.T. model
to sevefal modes of Mariner 8 data such as the IR-radiometric
and the S-band occultation data together with the IRIS
:measurements. |
| Various refinements of the COz—transmission function
were envisioned, attunable to the prevailing atmospheric
conditions on Mars. Based on recent developments of the
computationai'treatment of radiative transfer in Mie-scat-
tering and absorbihg planétary atmosﬁheres {Canosa and
| Penafiel, 1973: Dave and Canosa, 1974: Dave, 1875) an im-
proved algorithm was incorporated into the R.CVC;T. model in
order to repfesent the effective absorption of radiative
énergy by the silicéte parficulatés during the major dust
storm of 1971 (Martin, 1974). Various components of the
'gdust.élgofithm weré-quaﬁfitati§ely adjusted'to fhe findings
of Conrath (19?4) and the simulations of polydispersions
offeréd.by Déifmendjién.(lgﬁgj. |

An addifiqnal'computer program, labeled "FLUXOUT" ,
geﬁerated the numérical valﬁes of the upwardly directed

~1-



)

hemispherical flux. at the top of the atmosphere, of the
thermal emissions from the ground surface and all atmos-
pheric layers, after due transmission through the inter-
vening layers, within the spectral range 200-2,000 em L.

A particﬁlar subroutine for convective heat trans-
port was incorporated into the R.C.C.T. model with the pro-
vision that wherever the vertical transfer of (solar and
planetary) radiative energy generated a superadiabatic 1apsé
rate, the excess enthalpy was transported upward into the
next higher 1ayer. This process repeated iiself until a
zero- gradient of potential temperature was estéﬁlished in
all layers involved in convective overturn.

The National Space Science Date Center (G.S.F.C.,
Greenbelt, Md.) provided the specific data sets of the
IRIS, IR-Radiometry, and S-band occultation measurements.
Magnetic tapes and microfilms were made available from
which the particular dates were retrieved. The project
utilized the rather unique occasion that the Mariner 9 ex-
periments monitored Mars during three consecutive periods, |
i.e., (&) when the planet was enshrouded by dust, (b) in
the transitional phase, and (¢) after clearing. By
running backward in time, the expanded computer model was
attuned to Mariner 9 data first under dust—ffee conditions.
Once this attunement was achieved. extrapolation into the

" transitional ahd fully dust-laden phases followed.
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The basic objective of the investigation, reported
herein, is to attune an expanded radiative-conductive-
convective heat transfer model of the (CO, and dust) ab-
sorbing and scattering Martian atmosphere to IRIS, IRR,
and S-band occultation data, individually and cohcertedly,
for the purpose of:generating highly time—dépendent‘at~
mospheric and subsurface temperature soundings. These
sets of tautochrones provided the basis for a reinterpre-
tation of the aforementioned data as they permit to approxi-
mate the vertical temperature distribution on Mars.

A second objective is to contribute toward elucidating
the interaction of Martian dust-aerosol and thermal eﬁergy

transfer processes.
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ANALYTICS OF RADIATIVE TRANSFER IN A MIE-SCATTERING
AND ABSORBING MARTIAN ATMOSPHERE
2.1 BASIC CONSIDERATIONS

For the_fransfer of radiative energy through a
planetary atmdsphere with vertically heterogeneous
dust'diStripution, the physical processes of intérest -
are the (pérficulate and molecular) absorption and
mﬁlfiple Mie~sdafterin§ of'down¥ and upwardly directed
gglér_radiative flux and the absorption, scatterihg
ind emission of ﬁégﬁigg atﬁdévheric and surface Qggi'l
radiéfion ﬁnder the condition of =a givén inhomogeneous
'éfratificatioh of aérosol and gases., |

In order to determine how the thermal'strﬁctﬁre on
fhé ﬁlanét\ﬁébs.is modified by a givén'aéolian par-
ticulate load, one must compute the flux diﬁérgence
vfor”évspecified.nﬁmber of léyeré, iﬁ atmospheré.andvsoil,
and a wide spectral range_which includes both short-
and lohg—wavé radiation. Alfhough the'solution of the
radiative‘tpansfér‘equation for a specific atmosphere
'is.ﬁriﬁcipélly known (Chandrasekharﬁ‘lésng Sekéra, 1963a,
~ b; Deirmendjian, 1965),the problem of computing-time
economy arises; The exploration of the rédiation field
to anyAdegree of completeness and accuracy would lead
to Eﬁiunaccéptably large computatidnal load {Braslau

. and Dave, 1973a, b).
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Recently, Canosa and Penafiel (1973) have shown that
the éphericai harmonics‘approximétion tb the radiative
transfer equation represents a highly efficient method of
numerically‘soiving the tréﬁsﬁdrt érobleh for.atmosphéric
models with highly anisotropic phase functions. The |
essentialbiimitatidn in this approach is the resfriction
to homogeneous étmosphergs. In 1974, Dave and_Canosa_diS—_
cussed é diféct sélution.of the trénsfer equatién for
heterogeneoﬁs atmospheres by the spherical harmonics approxi—
mation. Tﬁéy apﬁiiea fhis meéhod to atmospheﬁic.modéls with
arbitrary verticai inhomogeneities due to variations in the
scattering and abéorption charécteristics of the atmospheric
constituents; In their formulation, the spherical harmonics .
equations feprésent.a two-point boundary vaiue problem for
arsystem“of first-order, linear differential'eéuatiqns with
variable éoefficients. Through an extensive study, these

analytics have been adapted_to the needs of our project.
2.2 GENERAL MATHEMATICAL FDRMULATION
Ih the two-point boundary value problem, Dave and
Canosa (1974%) introduced as independent variablé the optical
depth, measired from tﬁé'top of the atmbsﬁhefe; in.fhé.férm
of a linéar coﬁbination of three distinct optical depths, i.e.,

T e



-5-

The normal Rayleigh-scattering bp%igal depth AR
at -any atmospheric level can be taken to be proportional
to the pressure at that level. Values of this optical
depth at the bottom of the atmosphere,‘fb(s’r), are given
'by Howard et alii (1961). Values of the Mie-scattering
and particle-absofption optical depths, mfs’m) and t(a,m)
respectively, can be obtained by following Deirmendjian's
procedure (1969); Details for computing values of the

(a),-pertaining to the Martian at--

COQ~gas optidal.depth v
mosphere; have been aevelopéd previously (Pallmann,‘lQBB‘
Palimann et élii, 1973).. 0bviousi§, the optical depth is’
highly wave—number dependent.

..Thg appfdpfiaﬁe.stérting.equafion of radiatiVe.transfer

| for_a general phase function, | |
_ s - _ 3 . - -
2y 1«(&%@).@2 '&‘XEC@("“ ®)
| | o =0 |

is offered by Chandrasekhar (1950; on ?age 150, eq. 92) with
m = o (average intensity Icq))_and making the coefficients
{DE in tﬁe Legendre polynomials series expanéion in eq. (2)
_space—dependenf. ‘The average intensity is expandéd in
another finite'geries of Legendre polyﬁOmials wifh (L % 1)

. terms, L.e.

(3 'I-(f;{") *—‘-‘Z_ £w€+i : gC‘r‘) G;(f&)
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with fL being the Legendre moment
i '
_ S _ .+ o) (:;:> él
S fCU:) = I("it‘“) p (¢ AL~
_ _ I, S A o
and.eu representing the cosine of the zenith angle measured

with fespect to-the positive t-axis (inward normal!). By util-.

izing the orfhogonality property of,Legendre'polynomials, i.e.,

| wis Ndw = +
jpl(ﬁ?(td) nCt (L O fbr?efé“- 

one obféins anlinfeﬂmediate form of the transfer e@uétion
whlch if multlplled succe581vely by the Lependre polynomlals
_@{tﬁ) w:l.th e- g, l, L, and 1ntegrateq over flsr.?l,
yields the spherlcal harmonlcs equations. .vIn mafrix notion,'

they can be wrltten as

AZ[@ ‘ Ccr}fﬂ = S‘-”

y 1

(6)

The'appropriate,bound@ry conditions were developed by Marshak

(1947) and have the fom -
ﬂrw) — cho?

even
[fcm = + chr&

odd - Rven
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Dave and Canosa (1974) offer an explicit diséussion of
these expressions in the Appendix A of their paper. In
addition, they explain in the main text of their paper
what the bold-face letters in eq. (6) signify. Tor

convenience, they are restated here:

roi . -0 O
i35 o %3 o 0

| 4} | o ¥ o Is |
(8) = . . . . .

-1

L2 e | oLt OJ

| [ qa-) 0 al £ @) (sl
0 &wm F (e | Vs,Lt')
(1) = R Sl .
B CCT) - ‘_ 13 ﬁ{j: 1.- 5 S[" =i
o - WC“')J - fcf)J o .S‘Ct'}']'

with

o= 1~ 5y 4 "{"’JJFQ GD"’J?““’!‘"

and (M'F) being the flux of a beam of solar radlatlon per
‘unit avea normal to it. incident at the top of the plane-
parallel atmosphere in the spec1f1ed dlrectlon (E*Osﬁpo
as stated by Chandrasekhar (1960 . 20, 145 161, 216).
The spherlcal harmonlcs equaulons (6) and (7) can be

"transformed bv the finite dlfference mefhod 1nto an
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equivalent algebraic problem which is particularly suited
to treat transfer in nonhomogeneous atmospheres (see also
Dave, 1975a;, b); It is worthwhile to mention that the
adéption of vertical hetevogeneity poses additional problems
which are not taken care of by just assuminpg the atmosphere
to.bé diﬁisibla into a given number of lavers each with con;
‘sfant padi&tivé'properties. In their afprementionéd baper,
Dave and Caﬁosa emﬁhaSiZe that.their algebréic probiem is
essentially differgnt from that presented by Canbsa and
Penafiel (1373) a1thbﬁgh the mefhod-df-SOlution is almost
identical. N | -

| .Conéidering some_of the computationél éspeéts,:Dave

and Canosa discuss the spatial_structure of the model atmos-
phere which is very similar to that.adopted'earlier in our
- research projeﬁt. The upper-limit parameter L in the

series of eqs. (2) and (3) is prescribed in practice thfdugh

- the numerical evaluation of the magnitude of @&, @) in the

. L4 _
C (®) matriz. If dust is absent 8"!=1 for a1l {»2. Con-

. tinuity of the column véc”cors. f is assured by choosing L
odd (or equal.fp B'fqr,dust—free conditions).. .‘ |
- By inspecting eq. (3) above, one realizes qn the one
hand that a vefy smali number for L introduces:étrong 05~
cillationsfﬁhich are not realistic. On the other hand; a
large numériéal value for L will substantially enhancé tﬁevv

“computer time. Time calculations have been made which
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permitted to optimize the problem. It is helpful to recog-
‘nize that the spherical harmonics method is Ffar less
dissipative in nature than the iterative scheme for the

transfer equation.

2.3 SPECIFIC ANALYTICS OF A LOW-COST SIMULATION
Chandrasekhar (1960; sec. 2.2) defined the downward and
upward diffuse fluxes at a level T‘,-which we adiusted to

the condition of the normal D01nt1nv downward, i.e.
(9) _F },e&r Iff qgﬁd&

and | | () )
a0y [—;m = arF r(z;;*-/#)‘v-dts-_,
The expressions iﬁdicate th;i these two flux functions which
determine the spectral eet flux at the level 1? can be
found by just computing the azimuth-independent I(O), This
is an important simplification for any simulation procedure
‘directed toward fhé.determination of the net flux diVergeﬁce_
and, finally, the tlme rate .of change of temperature at
Flven levels T' - . o |

A numerical value for the parameter L was adopted i.e.,
Lell. Althouph ths mlyht seem to be rather 050111atory, it
is throuﬁh the 1nteprat10n in the Flux exnre551one (8 and
(10) that a smoofhlnp DPOCESSvls EDDlled. A svstematlc -
smoothlng technlque 1s avallable for varlous tvpes of scat-
. tering (Kourganoff 1952 Dave and-Armstrong, 1974) whlch

was not adopted in this project.
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Slnce the Dave-Canosa algorlthm permits to treat
heterogeneous condltlons, the actual computation of the
solution to the algebraic problem (Dave and_Canosa's eq.
(13), 1974} is a much more involved problem. The numefiéal,
computation is unstable against the accumulation of
round-off erroré. The iInstability can be eliﬁinated by

qcarrying.out étabili2ing transformations on the matrix
and vector sequences, ihvolved in the algebraic system,
at severaligonditioning points. Its number was chosen to

Th- (14" -
be Nog D) 4 3. yith L = 11 and o<t <3, the
10 L _
number Nc‘of'cbnditioning points vranged between 3 and 5.
:The'specific analytics for a low-cost simulation were

- 11 |
(11) I(e’ Z J‘ii é\(t') @[’”

o .p:-‘:o

as ‘the az1muth 1ndependent spectral radiance,

3*’ f(r)fob(r)clra

(12) FC“")

as theAspeétfal'downward fiux, and

am F (1) = 021’2: 2l +1 f(r) f (P(]w) J(,_

as the spectral upward flux. Marshak'sﬁboundary conditions,

L Y
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" as discussed by Déve and Canosa (1974 Appendiﬁ A), can
readily be specified for L. = {4 .

ComDuter.time estimates indicate that for L:=.ii; the
spherical harmonics‘approximation is one to two orders of
magnitude faster on the equivalént of an IBM 350 compufing
system, model 195 with FORTRAN-H compiler, than the Gauss-
Seidel iterative'technique. A'éingle precision génerates”
- pumerical results'accurate to_the first 4 figures, In-
corporating this algorithm into éur RCCT-model aﬁd running'
the enhanced_pnogfam.to.generate, over. a period of 24
Martian hours, 192 temperature soundings requireISEQéfal

hours of computer time.
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3.0 REFINEMENT OF TRANSMISSION FUNCTIONS. IN "FLUX;OUT"

AND "MARSTEMP" PROGRAMS

Continued work Wifh the C02—absorptioneline data, com-
pPliled by MeClatchey et alii (1973},'facilitated an essential
improveﬁenf of the quasi—réndom COszransmission.function in
both the FLUX-OUT (F/d) and MARSTEMP (M/T) programs. It
was found‘that gggg transmiséion modeling was superior to

single-line approximation because Qf the well~known diffi.

culties in'liné-overlapping, - asymmetry, and - shape factor
,'(Kondratyev, 1965, 1969; Goody, 1964). Consequently, an
appropriaté éimulation of band absorption for Martian-
‘atmospheric COznwas éomputeriZed (sect. 3.1). ‘An improved -
absorption cépability was modeled which better representéd
intermediate line—ihtensities (sect. 3,2). Temperature~ and
' pressure depahdénce of half-width, line intehsity, and shape
factor found renewed attention (sect. 3.3) as weli as the
COmDutational~arrénﬁement.of spectral increments (Sect} 3.4) .
Finally, the proper fitting of the band model to gaseous".
“'absorptidn wéé madéAutiliziﬁg'thé'ﬁéasureménts of the |
Mariner S'IRIS-and TRR experiments (sect. 3.5),
3.1 BAND ABSORPTION MODEL

Goody (1964%) has offered a rather detéiled discussion on
absorptidn:band modelé.. Fér éompﬁting numericaluﬁroblems, : | - )
it is desirable_to develop averaging techniques which smooth |

“over the finest structure in the bands without distorting the
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band contour. Previously, we used the Ladenberg and Reiche
(L.-R) function as the basic mathematical form for CO2 ab-
sorption. Since we adopted a quasi-random model (Pallmann f x
et alii, 1973), the L-R function appeared in the negative
argument of an exponential function representing the trans-
mission function,

More recently, it was found that this type of trans-
mission function does mnot optimally represent transfer of
radiative energy under Marfian atmospheric conditions since

it does not take care of the many weak lines present. In ’

order to correct for thig shortcoming, another transmission

 function was adopted which made allowance for independent
lines of unequal intensity and ﬁany weak lines before the
.s{ronp—line region was reached.

Basically, the analytlcal form of this transmission
functlon is derlved as Ffollows:

Assume a Flven wave~number range of N lines and each
 of these N lines a& one member of an infinite array of |
randomly spaced lines. Let p(S).dS be the prabablllty that
a line hés éh infensity between § aﬁd (s + dS);V The adopted

dlstrlbutlon functlon is
o p(S) = fr S<S

The cumulative probability of llnes with intensity greater

##an S ié, . yf;,: L» 7
2 a1 - K oo (S
(1.5) | f;(\S)cLS = K 503 (-3—')
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Laboratory measurements have indicated that eq. (15) is
fairly well satiégied. This indicates that the expression
(14) accommodates a large number of weak lines (Godson, 1954).

The statistically avéfaged abseorption function reads

Al dn| pS)=5)=
o Lot

for the Lorentz-line shape and (& being half-width,
- g.a v . _1
¥ 22 (3: amount of absorber mass), and an = 5 em .

2 e

The designations I and I, stand for the zeroth and first

1
order Bessel functions of the first kind with imaginary
arguments.

The mean transmission function averaged over N super-

posed arrays of lines is oy -
(17) . . Ej = MF {“"'—' J. '

The restfiction due to the Lorenz line shape is discussed

in Sec. 3.3.

3.2 ‘MODELING INTERMEbIATB*LIHE ABSORPTIDN

The quasi-random transmission function; as given by
';?Qsd (16) andl(l7j, has twoc asymptotes, i.e., the weak-line
 and the strong-line approximations, for small and large

u-values, respectively. ' Previously, we used this dual approach
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to model the whole u-range. A threshold value for u was
prescribed, and the computer determined which approximation
to use. Goody (1964; sects. 4.2.1) demonstrated bv means
of the Matheson diapram that the intermediate u-range
suffers fairly large inaccuracies.

In applying this line of arguing to Martian atmos-

pheric conditions, we decided that the intermediate rangem
from 0.05 to 50.0, of optical path for the line centers
needed further attention. In eq. (16), the modified Bessel
functions with imaginary argument lent themselves to a

direct numerical evaluation. Lewin and Grosberg (1952} offer

a series expansion for this type of Bessel function, i.e.,

T )= &F J;c-imm
(18) ! o0 5_021%+f- |

(2 :
f! Nh+p+1)

=O
with ‘
i: imaginary unit#{ri-

f': gamma function

Particularly, one obtains for the zeroth order function

2R

z x
(19) IO<XJ = Z_.._.:‘, -———-Lnr((:;)

Klerer and Korn (1967) have given a numerical approxi-

mation combined with estimates Ffor the truncation error.
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Computer runs were made for the purpose of determining the
optimal form of representation of TO and Il in the trans-
mission function. Acceptable forms were used first in
our F/0-program for dust-free conditions. The simulation
of the IRIS spectra was quite satisfactory. It was in-
ferred that the former combination of weak~/strong-line ab-
sorption only was an insufficient means of representing

CO, band absorption. The intermediate-line representation

appeared to be a necessary refinément without which rather
large differences between measurement and simulation of the
IRIS spectra occurred.

The subsequent incorporation of the intermediate-line
absorption capability of the interval 0.05 u£50.0, into
the M/T-program is considered to be one essential procedure

in the attunement of ‘the model +o Mariner 9 data.

3.3 TEMPERATURE AND PRESSURE DRPENDENCE OF LINE INTENSITY,
HALF-WIDTH AND SHAPE FACTOR |
In McClatchey's absbrption data compilation, the liggl

intensity S(Ts) is given for all known CO, lines and T_=298K.

Without the induced emission term, the températuré~depeﬁden£

line intensity S(T) at temperature T reads

oy S(T)QB)O(T)
S(T) = QRLT) Q(T)

AL E'(=T;)
T.T,

(20)

2x
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with
Ef: energy in c:m“l of the lower state of transitioen,
Q> .t vibrational and rotational partition functions,
'respectiveiy.

Numerical information about the vibrational and rotational
partition functions of C02 (isotope 6-~2-6) has been provided
by McClatchev et alii (1973 Table 2). In addition, Goody
(1964) has dlscussed some asnects surroandlny the rotatlonal
partition function (in his sect. 3.2). Onrthe basis of these
diécﬁSsi§n55 it can be shown that eq.”f20)’may be replaced

by

oy S(T)= S(T)._i_t exp 14388 E7(T-T,)
S _5 . o

T.Ts

This formula was subsequently used to compute integrated line
intensities S for CO, at given temperatures T. Expression
(20) indicates that S does not depend on pressure,

The line half-width at half maximum, , depends on both

temperature and pressure.. McClatchey et alii (1973) suggest
the following relationship,
. e T) = . BT
(22) | M(P;T) S L.
o o BT
with

-~ T_ = 286K; p, =1 atm; and;Cxé:.LorentZ‘line.with at standard

)]
T 1)
1))
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conditions. Although the temperature dependence TSfT is

not certain, measurements made with a CO, laser (Ely and

2
McCubbin, 1870) indicate a linear factor (TS/T) for the P20~
line of the 10.U4 P.mCO2 band.,

Concerning the line shape, some uncertainty exists. In

the aforemenfioned absorption line compilation, the Lorentz

shape was used, Due to Goody (1964), the spectral absorp-

= ' . ﬁ; ¥
(23) () = S ﬁ. o) fr[(‘n-n> + e-c,,__]

tion coefficient can be expressed by

where the Lorentz shape factow FL is normallzed, 1.e.'

(21) | ff('n ‘n)cl(m-n) = 1

with n: wave—number, cm .,

The true line Shape is not always given bj the Lorentz
shape which depends on pressure as discussed above. For =
Martian atmospheric pressures of less than 10 mb, the Doppler
line shape is not negligible. The Doppler effect is assoei-
ated with molecular thermal motion. If an absorbing or
‘emitting moleéule has a‘velocity compbnent: W‘Ain‘the line
of sight, a frequenc:y sh::.f‘t: An = E- SN about n_ is generated.

As a consequence, the Doppler 1lne shapa adopts the Fform

3
(25) ' f (7\- no) “Dr r “"'no

| ‘,z
‘with the Doppler line width being - - . . .
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W |
e j@JS:[ /’ s cnvfi.
¢\ m |

Calculations with numerical values, typical for Martian con-

(26) Xp =

ditions, indicate that the Doppler width has about equal
footing with the Lorentz width in the lower atmosphere
gaining pradually with elevation. This is indicative of a
combined Lorentz and Doppler broadening. Nevertheiess, we
have decided against the Qsape of éuch a combination since
due to Goody (1954) the mixed Doppler and Lorentz 1ineﬂshape
is too complex for -analytical solutibﬁ.- Pﬁrthérmore, the
far wings of a line arve always influenced by moleculaﬁ
collisions; if the absorbing path is loné.éngugh absorpfion
will finally be éontrolled by the line-wing profile. Con-
sequently fhe absorption will be given by eq.v(ls).

~ Recently, it was pointed out by Rodgers (1976) that if
both Doppier and collision broadening are significaﬁt the
detailed line shape.depends on the nature of the.collisions,
For most atmospheric gases, the‘VOigt line shape is adequate,
Assumipg that the_two broadening processes are uncorrelated,
one averages the'Doppler sﬁiffed Lorentz lines weighted with
~ the distribution of velocities. As a result, one obtains. a

convolution of the Doppler and Lorentz shapes, i.e.,

T g .

| o B o |
»y o e - e, LWL

(27_)_ . ﬁ;’-“) S ! (%--Wt-i—h;a)‘t-i‘- %z'l -
—et ;
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For the numerical evaluation of the Voigt profile, see Kielkopf
(1973)., It is planned +o accommodate this profile in the near

future although no efficient numerical approximation exists.

3.4% ARRANGEMENT OF SPECTRAL INCREMENTS
The numerical treatment of the random transmission func~ -
tion (see eq. (171) reqﬁires each time an appropriate averaging
prbcedure for N lines taken from the COz_absorption bands.
Since the prbject has been utilizing the McClatchey data com-
pilétion (1973), we had to accommodate about 9,900 lines in
the far infrared between 200 and 2,000 cm.-:L and about 22,700
lines in the near infrared between 2,000 and 10,000 em™ L,

The F/O-program which simulates the upwelling thermal

flux at the top'of the atmosphere, advantageously operated with

a spectral increment-of's-cm"l. However the M/T program needed

a more economical structure for these intervals because of
the frequent iterations inherent in the time integration.(of
more than 144 time steps/day). After a careful inspection of
the absorption line data, it was found thaf grouping of 002
lines in intervals of variable length, generally betwgen 20
and 50 cm&l was feasiblé if ﬁlopsided" crowdinQICf lines near
either boundary was avoided. The new array consists of 140
épectrél ihcfgﬁéhté:épbfbpriatély covering the néar aﬁd.far
infraved. | |

| Instead offtﬁé'formér éﬁécfralﬁbérametéré, which were

based on the Stull, Wyatt and Plass (1963) data and calculated

e
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by Prabhakara and Hogan (1865), a new set of parameters were
analytically developed and numerically determisied. The data
base for this set was found in the McClatchey compilation.‘
From eq. (18) and the respective expressions for strong- and
weak~line approximations, one obtains in accordance with

Goody's procédure (1964)

N
A g\/\’%ce)a&)

oL

(283 w =

and

(29) | y ==

 with An = Nd the width of the spectral increment, N the number

of lines, and d the average spacing . By inserting egs. (21)

and (22), we arrive at

TV ¢ S *xp{'* ("‘)}

a0y us 4o (—

tc i

-y

and

Ts OZW ;VS:@L;CP{E(J‘-;-,-r'-}og—:u‘m



(31) Y= T/ .
V= 3w ‘T An-ﬁ, Z'}_‘"__Sf(é)exff(i*"f)h

S : line intehsity at standard pressure ps=‘l atm and

" temperature TS= ZQBOK, in cmfllmolecule.cm;2, as

.presenfed_in MeClatchey compilations
of: Lorentz line Widfh parameter at Py Ts’ in cmflfatm;

and _

. 1 =1.4388.Eﬂ energy of the lower molecular state iﬁ
: pmf;.‘

The temperature factor (Tsz/T)% represents the de-
pendence of ston T in eqs. (31) and (30). The additional
patio (T/TS).is derived from the temperatureédependent ax-
pression for the line intensity (sce sect. 3.33; eq. (20) and
(22)). N

The summations over the index "i" in er.‘(30) and (31)
would represent a formidable task of computing if-théy are
an integral part of the time-dependent M/T (or the F/0}
" program. Since these terms are exclusively temperature—
dependent with the S;(i) and O%(i) to be read in from the
' .HcClatchey éoﬁpilation, fhey:were submitted to a polynomiai”l'”
approximation. Such a procedure admits a numerical com-
‘ ﬁutafioh,_séﬁérafe.ffom'the main'pfogfam.  SﬁbéeQﬁently; the
aﬁpréximatéd terms were stored on'tape to be called in to

the central processing unit whenever needed.
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For convenience, the terms in guestion are relabeled

2 - o ~1_-ml
(32) o= | S’~ exp 1.4338'E°23,'(-,;"T )
gL .

and

N | -
(33) G:{,'-_—.- ;;_ So’j'og’j-n.xf: 1.4388‘En26.'(7;*T_9J

r

where the symbols sipnifv the same variables as before.
These two functions were numerically evaluated for all wave-
number increments which have the index "i% for cbﬁpufational
convenience. (This was a re-indexing.) Obviously, the
values of Fo,i ahd Go,i are not only differvent fér each wave-
number interval, they are also temperature—dependent.
| | The method of approximating by polynomiéls was deter%:'
_mined as follows:
- Generate a $eéond—order polynomial? dependent on feﬁﬁefae
'Eure , to approximéte in (FO , J) and 1n (Go ,i}- :
- Find for all Martian terperatures from 140°K to
320°K and for each interval "i", Aggln(PO,i}and
BS= 1n ( G ,i)“

The data for all COz-lines in a particular i-segment

- were read-in each time from the McClatchev tape.;-The_pro—

gram-pun nroduced for M/T 137 sepment values, and for F/0

171 sesments, of both In{F  .)and (e, -
2
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Subsequently, second-degree polynomials P(x) were fitted
ta both ln( )and 1n( o i'wifh the independent variable x
. .

-1 T"l). All numerical values

in ‘this case b31ng 1.4388~(T5
of these logarithmic functions were written in disk file For
both ‘the M/T and the F/0 programs. With the snecific Fform
for P(x) being - '
R » g S
(34) P(x) = a. 4—«6-)( + <X

the functions FO i and G ; are approximated by

(5) F:a or G’ QXF{P(x)}

for all spectral increments of index "i",
In order to test the accuracy of the polynomial approxi-

mation, ‘the expressions

| exp{P("’} o+  MAX | QXP Y |
(36) MAX e"‘F)’ Q,Kf: {-.ch)}

wepe calculated and printed for all spectral increments and

temperatures in the range 140K T< 320K, with y being either
1n(F .)or 1n(G q; The numerical values of the.MAX—

, 0,1 0,1 , .

parameters average about 3%, The largest values usually
odeur at very low or very high temperatures which in ‘turn.
appear rather infrequently in the Martian temperature pro-
files. Théfefore, it was concluded that the polynomials
P(x) approximate the funct:.ons F 4 and G_ . with sufficient

3 : 3
accuracy. '
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3.5 TITTING BAND MODEL TO GASEOUS ABSORPTION CAPARILITY

ALONG INHOMOGENEOUS PATH

The_analytiéal_ezpressions (30) and (31) of the
previous section imply a coupling with the strong- and weak-
“line forms of anproximation. However, this procedure of
anchoring the intermediate-~line formula in these two domains
requires a quantitative refinement by means of a numerical
comparison of various hand absorption models. Qooév (1964)
has discussed the chanseover from linear (u<X'l) to square-
root (u>3) law regime by utilizinr the “atheson diagram.
From his diséuésiéﬁ, it appeafs‘that a scale-shi®t in the
variables u and y ﬁermits one to obtain a best fit.

The numerical values of the shift factors were deter-
mined through a pfocess of attuning our model to the measured
IRIS spectra of the dust-free period after January 1972. Ve
'fouﬁd that a bes% fit was achievéd by.multiplying.the u- |
Darameter bv (f?S) and thevy—parameter_by (&,0)., Various
other trials of fitting did not erierate as ciose aﬁ appfoxi—”
mation as that, | | |

| The Verticai-ﬁéteoroﬁeneity of fhe atmosphere redﬁiféd
_ anAadditional_refinement which was to_he apnlied hevond the
wodeled strafificétion of 51 afwoénheric lavers inhereﬁt iﬁ'
the existing computer propram,Cqulmann_et_alii, 1973),_ Tt
wﬁs decided to make use df %he Curtis-@ddson éﬁproximaﬁidn

- as discussed by Goodv (1964). The usual air of scaling
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apnroxiﬁations in the case of non~homogeneous nath is to
reduce the problem to that df é homdgeneous'nath with sbaied'
amount %, scaled tem?erature ?, and scalgd pressure 5. The
scaling adjustments turned out to be ﬁinor since they were |
conflned to the respectlve 1ayer depths, usually 1 km or
less (near the ground). Slnce we recognized the importance
of llnes of 1ntermed1ate strength, we were left w1th an un-
certainty in the scaled amount 5 of the order of (p/D)1
<1l.02, |

In conclusion, it was found that for the dust{free.con;
dition on Mars our model was closely attunable to the measured
IRIS spectra. The further step-of attuning the model to the |

- dust-laden situation will be discussed in chapter 6.0.
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SIMULATION OF EFFECTIVE ABSORPTION BY MIE PARTICLES
(DUST) |

In Chapter 2.0 of this report the analyties of a
time-saving computer simulation was specified for the
radiative transfer in a Mie~absorbing-scattering atmos-
phere._ Howevef, a detailed time estimate indicated that
the incorporation of the scalar Mie~algorithm into oun
Radiative-Convective-Conductive Transfer (R.C.C.T.J}.
Model would need computing time for a Martian diurnal -
cycle of 10 hours on the CDC 6600 System 175. To-achiéve
cycllc balance over 2% hours at 1east twice as many 18
hours of computlng time are needed. By repeating this pro-
cedure for 3 differvent dates, the time requirement would
rise to more than 60 hours. In the light of such a steep
estimafion the project opted:for e 10werécost eihulation;.

The objectlve of the 51mulat10n is to concentrate on
the lmEact of'optlcally dense dust layers. on the radi-
ation field, and_reeultantly on the temperature field,
rather than to formulate e sophisticefed; bﬁf costiy,
model. Such a model would quantltatlvely descrlbe the
manifold interactions of a heterogeneous COQ-gas and sili- “
cate dust stratification w1th solar and Martlan—planetary
radiation. The underlying analytlcs, as presented in

Chapter 2.0, served as a framework for the approach chosen.
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Various investigators have come up with findings per-
tinent to the approach of elucidating the impact of dust on
the aforementioned fields. Andres (1971) offered some in- .:
sight into the mechanics of dust-lifting on Mars. He hypo-
fhesized that aeolian dust pérticles may'have rounded shape
because of perennial rubbing. Roundedness makes them amena-
ble to Mie theofy; Furthermore, Andres.showed that the tur-
bulent flow neér the surface enhances dust 1ifting.and sus-
pension. Thus, thermal convection, aé bﬁiit into our model,
_may_maintain é kind of randomness_which justifies the choice
of a Gaussian dust diétribution function, The manner by
which this Gaussian is related to the dust extinction co-
.efficient, as a function of heighf, was discussed earlier
(Pallmann, 1974).

.Subseﬁuent studies of dust saltation, erosion, and sus-
pension by Sagan (1973) established findings. consistent with
those.of Andreé, but they failed-to.explain the great eleva-
tion of several scale heights,.at Which dust was found during
the gigantic‘storm.event of 1971. Ajells et alii (1876) re-
ported that limb observations by the Mariner & UV specﬁfgmp
eter television camera experiments showed that the dusty at-
mosphere was optically thick up to an altitude of 50 km with
a sharp cut-off ‘and an extinction optical depth of 3. At
timés, the cPaque dust layer was topped Ey an optically tﬁin

_haze layer at 70 km, Pang and Hord (1973) estimated a mean
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.radius of about Zrm for thgadust,up to 50 km. Most recently,
Pang et alii (1976) gave as mean radius a value of lrm.

Goody and Gieraschr(1973) created a model to simulate
the iﬁcipient.stage of a Martian dusf storm., They proposed
the local generation of free~atmospheric heat via radiative
heating.in an initial dust eylinder of critical size and sub-
sequent synoptic-séale convective circulation of a vortex
(dust hurricane). A dust devil of gigéntic extent would be-
gin to suppress turbulence favoring an organized vorticity
field (Goody and Giepasch, 1974). The regional lifting of
dust by such_a_circulatory_system is likely to be an efficient
means of generating high dust concentrations ﬁear the'top'of
the atmospheric convection layer (tropopause) which may be
more than one scale'height in elevation. | |

As shown by the hourly photography of the International
- Planetary Patrol (Martin, 1974) the dust storm started locally
in the NE periphery of Noachis with another center in the NW
quadrant of Hellas. A third dust "mushroom" appeared at about
the same latitude over Ausonia but stayed only intermittently.
The photograﬁhiélevidence supports Goody and Gierasch’'s model.
If one assumes the existence of powerful jet streams in the
viecinity of the:tropbpause,-%he dust would spread enshrouding
the globe as fast as it did (lS,days).'

The combination of gravitational settling and vertical

mixing (Conrath, 19743 1375) contributes toward ewxplaining the
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observed time evolution of the silicate particulates in the
atmosphere; It is, however, not.necessary to assume intense
vertical mixing in all atmospheric layers throughout the dust
stratum and for all longitudes and latitudes. As discussed
in Chaﬁter 7, near-adiabatic lapse rates which appear as a
conseqﬁénce of vigorous convective mixing, may be preferen-
tially present in the lowesf sca1e height and, again, near the
top of the dust. In the center of the dust stratum, say,

between 15 and 30 km, the atmosphere might be rather stable.

4,1 SOME ANALYTICS AS BASIS FOR A LOWER-COST SIMULATION

OF THE DUST IMPACT

In equation (2) of Section 2.2 of this feport, the normal-
ized phase function |

(2) | | 15(<-°'°®)= e GD(C;N )

is presented as a series expansion in Legendre polynomlals

G%(cos@) with (9) belng the sca'tterlng angle. The series

coefficients G% may be represented by
4 ‘nunx L;)

2
(s1y ....... L_(x m)-g-\c_()X,m mr)clr
1!'[3» 0+ €41
(Canosa, J. and H., R. Penaflel 1973). In this form, the
following designations are used: |
¥ : radius of aerosol particle,
Y&): number of particles pér cm3 per unit radius interval at the

- radius ¥

LY
X ~
' A

’ Mieéfactor,
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ﬂ%c: volume scattering coeff%cient.
The Legendre coefficients Léi; have been treated in detail
by Dave (13970). The expression (37) requires explicit knowledge
of the size distribution function n(r) and the scattering
coefficient FLC. As diécUssed in Sectién 4.3, we shbwed that
Deirmendjiants (1969) Silicate Haze M model is best suited to
repreéent a dust load consistent with the quantitative in;
formation on verticélly integrated column number density N,
'aﬁd mass density m as offered by Conrath et alii {1973;.Secf.
E, Table XX-4). The particulate size distribution function is
thereby modelled as | 1 93: 
(38) n(r) = 5'.3333::, (o r. Lxp {*" 3‘7443 s } |
with the total number per em® of particulates being N = 100,

Due to Deirmendjian, the volume scattering cbefficient :

may be written as | o0
- S ¥ . |
_ : : o . T K
(39) {31_51, nery) = w17 ne )f’(é_g 3 dy

. o
where Ksc designates the scattering efficiency factor (called

Q

right-hand side creates the bias (r2) in favor of ‘the larger

gc DY van de Hulst, 1957). Incidentally, the integral on the

sizes in the spectrum. For Mie-factors x=25, Ksc(r) under
‘the integral mayvbe réplaced'by Kséﬁ 2, Thus,-oné obtains

(40) | P‘gc(g,%(r)) — &‘Wh?g’*""':}ﬁc&_

with

('41),' f“‘ff}df = N
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Since {r") is a non-~decreasing function of r, we may write

Wy [y dr= (P8 [nemdr = (*9).-N

& _ °
Finally, this procedure renders

(43) - {%&(?L_,N) = QW{*‘)N

This relationship will be utilized later on.

in-order to improve on our fipst-order dust transmission
function which we formerly attached by multiplication to the
 gaseous transmission function, we developed an analytical ex-
pression taking up the additional absorption of radiative
energy via multiple scattering by dust. The underlying concept
is that multiplé scattering by dust enhances the radiative path
length through the atmosphere increasing thereby the amount of
radiative energy refracted into the particulates ahd, subse-
quently, absorbed. The'imaginary pbrtion df the complex index
of refractlon regulates the portion belng absorbed.

We start with the scalar equation of radlatlve transfer
W1th1n the spectral increment {v, vadv)

o &Ivﬁﬁ,m*ﬁ) T(%,H}) mcf“)j(‘ls;r,#

dL?%

The notation is standard; for convenience, see oactlon 2.2 of .

this report. The source functlon

:?w(?;,f&, ‘}“”'~"-£& fk T;%t‘{ f‘r?5 /‘n:qé:) F: |
o] [ReptrirTapmbin

is composed of two ‘terms. The flrst term on the right-hand

(45)
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side represents the portion of the solar beam, in the direction
(-hl:, t'rilﬁ), attenuated over the slant optical vange (’fv/ ‘“’o)
and subsequently scattered into the direction (f&,ds). The
second term represents scattered "self-illumination", that is
to say; the fréction of radiative quanta impinching as diffuse
radiation from all directions (ﬂﬁ’,#ﬁ) which becomes scattered

into the direction ( lu,qf; ). The function & v(‘l'“} is equal to

(B5E2/ B,552)-

With the prevalent size of the Martian dust particle being
between 1 gem (Pang et alii, 1976) and Zth (Pang and Hord, 1973},
a rather pronounced forward scatter is present. Each layer
passes on to the next lower layer through this maximum of
scatter most of the scattered energy. Given a manifold layer
structure of dust load and multiple scattering therein, the
diffused radiation field gradually approaches axial symmetry
such that the diffuge intensity near the local zenith is just
a few times larger than that near the horizon (see Sobolev, 19633
his chapt. 3). If we approximate this characteristic by the
condition of isotropy, based on the principle of energy con~
seprvation, we are able to specify the analytical form for the
dust transmission function. |

(o3

The pradiative transfer equation for I is multiplied
by dw and intEQfated.OVer all soiid.aﬁgles."We obtain for an

isotropic source function (Goody, 19643 p. 52: Eddington's
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approximation) 4 . .
(46) __l-—aig?. = — J?(IQMI\))"F#WJ; »
2

x: geometric depth.
For computational purposes, we adopt here a two-stream model.
A split of the flux function into ¥+ ang F* appears appli-
cable for a scattering and absorbing source function because
of the initially pronounced forwérd scatter of Mie theowry.

w; find . .JEJ""——“' _ar T\i_P o y
(47) | +4fr/3wc£‘( o ( f}b)#g, /“.,,,:: f
m@} olu

(see also Deirmendjian, 1869; p. 94) ﬁmxfrﬁ%mwwa‘
For isotropic conditions, F _gf = I ', and p = const.

Thus, one obtamns

) | ~s ;f; “,
o“'i = ozﬁeflx ‘l'{hséf’ (6“75"}—%2 /ﬁ‘f’"
A

(48) v
On the"right—»lhan.cl side, the first term t-epresents the hemi-

spherical downward flux extinction, the second and third
terms the attenuation due to primary and multiple scattering,
respectively.

Integrating over a finite depth raﬁgeéix-and inverting

 the natural logarithm yiélds

o B Pl
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The second exponentlal factor on the rlght—hand smde stands
for the component transmission functlon due to primary and
higher_order scattering. Since the first exponential factor
pﬁeviously represented the only dust absorptibn funetion used
in our model (Pallmann, 1974), the second factor has been
taken up to account for the additional absorption of radia-
tive energy due to_multiple scattering. The replacement of
the scattering cdefficient ﬁgc by an efféctive dust.ab-
sorption coefficient will be dealt with in sections 4.2 and

4,3 of this report.

4.2 BUDGETING IN BULK OF ENERGY ABSORPTION IN GROUND-
ATMOSPHERE SYSTEM
With a model 51110ate'haze M (Section 4,1) and an albedo
of single scatterlng‘ﬁr .8 for visible solér radiétion
(Delrmendjlan 1989- Table T. 99), we find a 20% absorptlon
in the dust extinction process. 1In the top 10 km of the
model atmosphere, from 50 to 40 km of height, there is no
‘dust. The dust spreads out from 40 km down to the surface
in accordance Witﬁ a Gaussian distribution centered at ground
level. .Becaﬁse of the proPDrtionalify between the nﬁmber
density N of dust and the effective dust absorption cqefficient,
a plot of the latter function versus héight may repfesent the
.shape of the dlstrlbutlon curve.

A tabular account may elucidate the budgetlng procedure:



50=40 km
HOw0 km
40~35 km

35-0 km

w37~
No dust
Dust layer

Reflectivity of down-~

" ward solar radiation:

(.05) per 1 km

total fraction

reflected: _(.23)

Pep i-km lay=zr:
(.8934) transmitted
or finaiij at grcund,
(.9931)%% = (.793) of
impinchment (,77)

Ctransmitted: L6107

L e e N, T o o A At

Transmissivity of down-
ward solar radiation:

(.85) per 1 km
transmitted: (.95)%= .77

(.0066) absorbed
in 35 km layer:
('77) - (08107} - 31593

absorbed

For solar radiation impinching at the ground:

0=-35 km

40 km

Surface Albedo: (.3)

(.6107) % €(.,3) = .1832
reflected;

(.9334)3% = (.793) of

ground-reflected portion

(;1832) transmitted:
(,1453)
Transﬁitted cutward:

(;1&535

(.6107) % (,7) = 4275
absorbed by ground;
absorbed by atmosphere:

(.1832) - (.1453) = (.0379)

Total fﬁacfion of_solﬁr radiation absorbgd in the QOwn-‘and

up-sweep:
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.1593
+ 0379

21972

or close to 20%. This is a satisfactory match to the value

of (1-=€Dé) of the model silicate haze M whose cbmplex index

of refraction is m = 1.56 ~ i1-0.01l55. The planetary albedo

amounts to (.3753) which is rather high.

A second budget with a planetary albedo value of (.29)

vields the following fractions of reflection,vtrénsmission and

absorption:
50-40 km
40-0 km

B0~-35 km_

No. dust

Dust layer

Reflectivity of down-

- ward solar radiation:

35=-0 km

- {.,9808L) tpransmitted

(.05) per 1 km
total fraction
reflected: (.23)

Per 1-km layer

or finally at ground:
¢.9809%)35 = (. 5099)
of impinchment (.77)

transmitted: (.3926)

Transmissivity of down-
ward solar radiation:

(.95) per 1 km
transmitted: (.77)

(.01906) absorbed -

in 35 km layer

- (. 77) ~ (.3926) = (.3774)

absorbed
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For solar radiation impinching at the ground:

Surface Albedo: (.3}

0 ¥m (.3926) % €.3) = (.1178)  (.3926) x (.7) = (.27u8)

feflécted; absorbed by ground

0-35 km  (.98094)°° = (,5099) of  absorbed by atmosphere:
ground-reflected portion (.1178) - (,08601) = (.05877)
(.1178) is ‘transmitted: |
{(.0601)

40 km Transmitted outward:

Thls tlme the total fraction of solar radiation obsorbed

in the down-— and up-sweep through the atmosphere is

(.3774)
+ (,0577)

(.4351)
or close to about 44%.
In summarizing the two bulk budgets of energy abscrp-
tion in the ground-atmosphere, we have in percent of sélar

radiation impinching at the top of the atmosphere:

e
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Case with

Transmissivity
between 35 and Diffuse _ _
0 km being Reflectivity Absorptivity
1~ 37.5% o .
' - ' Outer Space
2~ 29. &%
1-(.99340) /km 23.% + 14,5% 19.8% o
Atmosphere
1-(.9809%4) /km 23.% + 6.% 43.7%
1- 30.% ” 42.7%
Ground
Balance:
1~ (37.5 + 19.8 + 42,7)% = 100%
2- (29.0 + 43,7 + 27.3)% = 100%

4.3 EFFECTIVE ABSORPTION BY HARTIAﬁ DUST PARTICLES
| Aithough the value'fdr atmospheric absorption given in
the previous section seems rather high, it is consistent with
the extinction optical depth of 3, offered by Ajello et alii
(1978). Pupthefmore, the vertically integrated column number

7

'density of 1.21 x 10 fbv r = ltam, as given by Conrath.et 

alll (1973), ylelds, when 1nserted in equatlon (43)

f} (X, P%U)._- SZH*(r*j N

- a value for the volume scattermng.coefflclent~63 '"of'abCut'

1.2 % 1078 em™t, In this context, one has to remember that

'_(rz) must satisfy the relationship (r”) = N-{*r n(rldr.
o
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This expresses the characteristic of a polydlsperse dust
partlcle size spectrum (B erendjlan, 1969).

The prevmously adopted principle that via multiple
.scatterlng within an optically-thick dust layer, the 11Pe11hood
increases for. photons to become absorbed, mostly by the par-
tlculates, has led to a.numerlcal estimation of the percentage
~invelved in this addltlonal.absorptlon. Formerly, we had Just _
accounted.foﬁ'an average slant solar.beam‘absorpfion in the
mode of single scattering {(Pallmann et alii, 1973; Pallmann,
19743 Dannevik and Pallmann, 1974).. Based on calculations
- of the brightness of the sky in the case of multiple scattering
- (Atroshenko et alii, 1963), it was determined that multiple
scattering takes up about 25% of the total scattering leaving
75% of the diffuse sky radiation at the surface for primary
scattering. With an albedo of single scattering value of
(.63), the ratio of the coefficient of mulfiple'scattering to
the extinction coefficient is close to (.21).

Deirmendjian (1969) obtained for model silicate haze M
and various values of the imaginary part of the complex index
of refractibn'fhe rather even numerical figure of about
1. x 107% em™! for the volume extinction coefficient. With
'.thls partlcular value and adopting an approxlmate 50% effi=
clency for multlple scatterlng to generate further absorptlon,
.one arrives at (.5) % (.21)=(,10). Together w1th the rela-
tive dust absorptlon coefflclent pvevmously 1ncorporated lnto

the model, we have
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(50) ﬁ?ab( direct) ﬁ}ab(mult. sc.)  _ (.26)
L)

B ex ‘ P

oy with (3 = 1. x 1075 ot
- ex

t51) - Dust _ -7 =l
Rt F?ab = 2.6 x 10" em ~

This value of the effective absorption coefficient due
to dust should be‘considered.as répresentatiée of atmospheric
conditions close to the maximum dustfload;in space aﬁd time.
However, it has been dérived from'a vertical impinchment of
solar radiationifather than time~-dependent slant incidence.
The diurnal cycle cf fhe apparent march of tﬁe sun in the
local sky covers a zenith angle range ffom (7" /2) to noon
zenithal distance, equal to the difference between latitude
and solar declination, If one takes in the average a zenith:
angle of {0.37) the corresponding value of sec (0.3y) for
the slant range is close to (1.6). Therefore, a.somewhat'
enhanced value for the maximum of the effeative absorption
coefficient may be allowed. Also, the gradual dissipation. of
the dust phase through Novaﬁber and December 1971 calls for a
vpersisteﬁt'deciine~of the absorption of radiative energy by -
dust. ' |

| The civcumstances just deseribed sugpested a series of
simulations for the effective dust absorptioﬁ coefficient EP
in orderlto determine the hﬁmericai valueé of A and B in the

expression



s EP(Z)= Aexp{~B-2%}

In an earlier report (Pallmann, 1874) the compatibility
of this analytical form with other forms (see Conrath, 1874)
was discussed. A series of computer runs with our R.C.C.T.

and F/0 models was undertaken. The numerical values for the

amplitude parameter A ranged from (0.5 x 10™7) em™T to

1

(3.0 x 1077) em™*. The parameter B was held at (1.11 x 1079)

.om 2.' In chapter 7 of this report. several CALCOMP plots of

the simulation are presented.
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TRIS, IRR AND S-BAND OCCULTATION DATA

In order to perform a multiple attunement of our
time-dependent radiative-convective-conduetive heat
transfer (R.C.C.T.) model to various types of Mariner 9
measurements, IRIS;IRR-, and S-band occultation-data
were requested from the National Space Science Data
Center (N.S.8.D.C.) at Goddard-Space Flight Center in
Greenbelt, Marvland 20771.

The Data Center made two sets of magnetic tape
availablé which held, the measured information of IRIS and
IRR for severél hundred spacecraft revolutions. In

addition, the N,S.S.D.C. sent a set of microfilms of

~tabulated and plotted S-band occultation data for both

the standard and extended missions.
Because of the extensive volume of data on the tapes,
a rather tlme-consumlng computen sortlng became necess 33V .

Some problems with the retrievability of IRIS data Dlocks

.had to be overcome before the excerpts of the de51red

data were put on about 20,000 ecards. We found that the

actual TRIS measurements had been arranged in an excellent

fashion. The N.8.8.D.C. Information Packet had been_caree

fullyvprépared serving efficiently its purpose dflexplaining
the code of the “IRIS Reduced Data Record Type 7— Ca11~
brated Martlan Spectrum.

ASimilarly, the IRR tape data had been very wgll

érranged. The aforementioned problem did not exist here
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since the data blocks were labeled such that excerpting was

straight forward. The microfilms with the S-band occultation

data were handled with standard reader-printer equipment
avalilable in the Department of Earth and Atmospheric Sciences
at Saint Louis University.

A brief word on cost concerning the tape data sorting ard
excerpting procedure. Because of the unlabeled formats used
for the'IRiS sequences, about $250— at University rate—
had to be expanded on an IBM 380/65. The cost of the IR-
fadiometric data handling was about'$l70-mhereas microfilm’
printing cost was minor,

Furthermore, the attention of the reader is directed
toward a peculiarity in the data, which is related to the
absence of‘coincident observations émong S-band 6écul{ation,
IRIS, and IRR measurements. Orbital conditions of the space-
craft caused, for a given re¢gion and loeal time, the IRIS ob-
servations to lag behind tha occultation measurements h& 15

to u5 days.(Léovy, 1973). However, S-band occultatioh data

_ ¢can be used 1n conjunctlon wmth IRIS or IRR measurements if

larger~scale Martian characteristics w1th1n 11m1ted latltude

belts are of prlme interest.

An addltlonal complementarlty may be found fn that
oﬁéultat&on measurements, although nolsler,"genepally possess
a.better vertical reéolution than the IRiSAinformétion which
offers reliable results over deeper»layers. In fact,»Conrath

(1974b) determined the vertical resolution of the techniquem
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for the IRIS-inverted Martian temperature profiles. He
offered avvalue of about 6.5 km in the lowest 10 km increas-
ing gradually to slightly morebthan 20 km above the height
of 33 km.

The data card bank; £ rated from the’magnetic tape
and film materiél, served as the base for an extended simu-
lation procedure. It.was finally decided to concentrate on
the following dates for the purpose of representing the
gradual transitioﬁ in the S.H; mid-~latitude from the dust-
laden to thg_dust;free condition:

- November 22, 1971 (revolution 17).

— Deéember 03, 1971 {revolution 39),

— Dacember 24, 1871 (revolution 78),

— January 08; 1972 frevolution lllj,

— Pebruary 16, 1972 (revolution 189).

For the last 2 dates, no S~band occultation data were avail-
able, They reappear after May 6, 1872 when the tracking
station at Goldstone, California received occultétion signals

during the even-numbered revolutions from 352 to. #50.
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REFINED MODEL AND ITS ATTUNEMENT TO DUST—LADEN AND
DUST~FREE CONDITIONS |

In the present chapter, the governing mathematical
eduationé of the model are preéented in section 6.1 as
they have been refined on the basis of our former radia-
tive~conductive model. A specific am?lification of this
model is given by the incorporation of convective heat
transfer anywhére in the atmospheric sfratification, not
just near the ground. The principal refinement, however,
should.be seen in improving the CO, and dust transmission
functions,A_The»former makes allowance_now for inter-

mediate-line strengths as well as strong- and weak-line

- absorption whereas the latter includes indirect absorp=-

tion by optically thick dust via multiple scattering,
adding to direct dust extinction. Some procedural guide-
lines of.the overall attunement of the model follow in
section 6.2. This discussion deals also with the tuning

problem for dust-laden conditions,

5.1 GOVERNING ANALYTICS OF THE MODEL

The solution of the radiative transfer equation for
the plénetarf pfoblem ieads; when'intégrated over the
full_rangévof (Qﬂﬂ_steradian; to an expression of the |
spectral radiative net.fiux {(Pallmann ef alii, 1973). if

additiqna}ly integrated over all wave numbers, the total
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net Flux results which may be inserted in the atmospheric

heatlng rate equation to render

QL A ¢ dJ.fn
@MC- &_-.-1——- = éx ﬁ C’Z'WZ S( ) (’KHE{) \‘)

_.g".' G:?("-s)' ﬂ@(&;&‘)}.?&{xm— KM)] _

2. B "-'3‘—- (Tlren- 3% <Jte
+2 Bt (Tt ) Tocer g

for OSXM’EMS X4 g)'fj)O__

In this equation, the subscript "m" designates the in~
dex for a glven level between the top of the atmosphere
(at 50 km) and the surface, and the subscript "i" indicates
a particular radiative wave-nunber increment. Furthermore,
Si(D) is the solar spéctral ipradiance at fhe taop of.the
_atmosphene,(}i(xs) is_thg_quardly directed spectral flux,
emitted by the ground, at depth LI dai,mﬁ'is thE_Planck‘s
- functiongAﬁE'is the flux transmission,function_for 002,‘SD

is the dust transmission function (grey absorption), and k
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is the thermal conductivity. The derivatives in this equa-
tion are replacéd by finite differences. A simple forward
difference is used for ‘the time derivative, while modified
" centeved differences are employéd'in the space derivatives.
The resulting equation is quite lengthly and will not be

reproduced here.

The sub-surface heating-rate equation in its finite
difference form is given by |
T.n+l ,&, ( n T Tm-l
(53) C = = T
b "AE T T AR

§"

1

e

wherg the superscript "n" refers to the time step, and M,
is the lowest.soil level under consideratidn.

The ground-atmosphere interface condition at x = Xg
which expreéses the continuity of.the total heat fiux aCIoss
the 1nterfaci, is st?ted as wel

u+ b
% (T m gﬂu T
S Ax o Ax,..,

- 4-5:6‘ ) (TH! -T;:‘) + |
(54) ZFZZ@ ﬁg(’ﬁqﬁx ﬁ?@(xm 44 "J+

'oZTf"Z_('{— ) \S; ' '?(xh-?'}-%xﬁeﬁ) = O
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or -_I;(xs-ko, t) = T'(xs- o, t) ;€>0.
In equation (54), k_ designates the soil thefﬁal cénducfivity,
€ the bulk surface emissivity, ¢’ the Stefan-Boltzmann con-
stant, and Ts the soil temperature. |

In equation (53), as well as equation (54) and the finite
difference form of equation (52}, the DuFort-Frankel two;
level explicit differencing method has been employed (Carnahan,
Luther and Wilkes, 1969). This procedure is computafionally un-
‘conditionally stable.

The upper boundary condition for the ground-atmosphere

system reads _
(55) T—(O,f] :':..7: 3 f’or ts o.
The lower boundary condition is

(56) T;(xd,t) .—_—:. 7; .I; for T2 0.

The initial conditions are given by

T 5 Pras<s<n

£

T (%) 5 for OSXE X

I

N | E(K,O)

Iy

The system of equations (52) — (57) suffices to estab-

T(x, o)

as a discrete input.

i

lish a unique solution at 81 grid points in the vertical

thiwciu'gh'ou‘t the region x P 0, for any time t'}_ ]

(30 grid point in the soil, and 10 in the lowest 6.5 km of

the atmosphere).
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The built-in convective heat transfer capability is

based on Kraichnan's turbulent thermal convection theory
(1962). Thereby, the convective heat flux at the top of

the constant flux layer (CFL) is given as

s F¥= gaxio (e, 1»)"' "(U:—)

with _
c, = 8.2 x 10° érgo g_l Kt
¢ = 8, cm2 sac_l
v = 10, em? sec™t
g

= 3,76 x 102 om sec

N -5 -3
GCFL = 1,12 % 10 g cm

The mathematical Fforms of the CO2 and dust transmission.

functions have been presented in chapters 3 and 4 respec—

tiﬁély. Attention is called to the faet that each of the
transmission funections (AﬁZ) in equations (52) and (54)

is approximated by”a product'which'may be written as

T
(59) . 7;2).’,“"4,) :-:;U.:'ﬂ:(}ij

such that the product index "j" extends over all J interven-
ing segments (xj - kj“'j between the end points of the
depth interval(xl, x,. For convenlenca, these segments are
taken so as to coineidence w1th the atmospherlc layers

~labeled by the index “m".
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Questions as to the size of space and time increments
as well as remarks concerning the previous model have been

treated elsewhere (Pallmann et alii, 1973),

6.2 HIGHLIGHTS OF ATTUNEMENT

The procedure of fitting our refined band model to the
CQ2 absorption capabiiifieé was covered in section 3.5 for
an inhomogeneous radiative path. As indicated eaflier, one
of the goals of the simulation was to achieve a fitting as
close as possible for the dust-free condition. The particu-
lar date chosen to represent this condition was February 16,
1972, IRIS and IRR measurements for the midlatitudes of the
Southermn Hemisphgre had to be compared and adjusted on the
basis of their respective resolution. Our R.C.C.T. model
had to generate a sequence of simulation runs which produced -
temperature~soundings cyclically balanced over a period of
2% hours (diurnal ecyclic balance)., Between 288 and 432
time-steps of integration or 2 to 3 days were needed. A
eyelically balanced temperature sounding which coincided with
the time of the IRIS measurement, served as input for F/0-
model runs whose oufput was a simulated IRTS spectrum over
the wava—number-range from 200 to 2,000 cmfl; Depending on
how close a match was oﬁtained, the numerical values of
various scaling parameters had to be adjusted. We refer
here to the K parameter in éﬁua{ion (14), the modified uF

and y-parameters and the Curtis-Godson scaling factors of
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section 3.5. Additional runs of both the R.C.C.T. and F/0
programs with adjusted values for these parameters were
undertaken, This iterative mode of attunement finally led
us fo accomplish a close match to the measured IRIS spectrum
produced under dust-free conditions over the midlatitudes

of the Southern Hémisphere.

In turning next to the dust storm dissipation phase we
selected the IRIS,IIRR, and S-band occultation measurements
of December 24, 1971 as input data for another series of
funs with both progbéms. This time, a dust transmission .
function had to be inserted to model a moderate dust impact
on the solar and planetary radiation fields. 'By'carafully
evaluating the outputs qf time-dependent T-soundings,
temperature lapse rateé, and convective overturn from the
R.C.C.T, model, and upward spectral flux, emitted by ground
and atmosphere and transmitted to the top (50 kﬁ), from
the F/0-program, we adjusted the value for the effective
dust absorption coefficient, étméspheric laver abéorptivities,
and cumulative reflectivity at the top. For numerical detail,
reference is made to chapter 4. |

- For a treatment of the optically-thick dustload in the
Martian atmosphere, the day Novembef 22, 19?1 w&s chosern.
Again, IRIS, IRR and S-band occultation data were scrutinized
to be used as input for our simulation procedufe. It became
apparent that the amplitude value of the effective dust

absorption coefficient had to be quite large. We adopted
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values as high as (3.0 x 107 ') em ~ which corresponds to an
absorption optical depth of (1.2) or an extinetion optical

depth of about (3.0). More detail may be found in chapter &,
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DISCUSSION OF RESULTS

With the attuned computer model, as discussed in

chapter

6, a series of outputs was generated via the

time~dependent MARSTEMP (M/T) and adjunct FLUXOUT (F/0)

programs. The M/T program produced, for each time~step

(between 4 and 10 min) over a ‘total of 36 to 60 hours

of simulated time, the following outputs as printouts:

IR~-flux emitted by the ground and transmitted
to 52 explicit atmospheric reference levels;

solar flux, downwardly directed, and transmitted

to these 52 levels;
solar flux, diffusely reflected by the ground,

and transmitted upward to these 52 levels;

IR-fluz, emitted upward by 51 atmospheric source

layers, and transwitted to 51 referenée levels;
IR-flux, emitted downward by 51 atmospheric
source layers, and transmitted to 51 reference
levels.

upward total flux at 52 levels;

downward total flux at 52 levels;

net flux at 52 levels;

.néw femperature at 52'leVels§

rate of temperature change at 52 levels;

temperature lapse rate at 52 levels; and

subsurface soil temperature at 30 depths.
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The F/0 program generated for a given time (generally

identical to the indicated MARINER 9 measurement hour) the

‘spectral flux value within 360 inerements of & om™*

=1

between
200 and 2,000 am (IRIS range). These fluxes were avail-
able as | | |
— IR-flux emitted upward by the ground, and tréns—
mitfed to fhe.top of the atmﬁsphere; |
— IR-flux emitted upward by an individual atmos-
pheric source layer, subéequentiy attenuated by
the intervening layers, and then integratea over
all source layers; ahd o
— sum of the previous'two fluxes for all spectral
| inérementé. | |
From this broad variety of outputs, mgstly the temperature
soﬁndings of the MARSTEH simulation and the F/O-ouﬁputs
will be discussed. In addition, some plotted input functions

will be presented as they relate to the findings .

7.1 ATTUNED MODEL OUTPUTS, DUST FREE CASE _

The first:basic step of attuning the model to Mariner 9
data was fd fit tﬁé refined géseoﬁs COz.band.transmiséion
funetion Eghapter 3) to IRIS measurements taken undeprthe
.condition ﬁf.a dust—free Martian atmospheré. By means of an:
1teratlon of gradually 1mprov1ng computative F/D attunements,
a rather close flt of the upwelllnp flux output to the

measured IRIS_spectrum was achieved. For February 16, 1872,
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Flg. 1 Spectral upward flux, at the top of the Martian atmosphere, in erg. sec™y com—2
(hemisph, )~L/em~1, versus wave number in em-1 for February 16, 1972, 12,72 LMST,
at ~41.4 deg. lat. and 327,7 deg. long., as simulated by unabrldged F/D program
on the CDC 6600 System 175 {(marked by "+" sign), TFlux is the sum of ground and
atmospheric layer emission, duly attenuated,—Solid curve: average of 3
measured IRIS spectra in degraded mode.
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the quality of the attunement is illustrated in figure 1.
The matching upward fiux was coﬁputed by an unabridged F/0
program in which the series expansion for the modified
Bessel function of zeroth and first order ﬁeld Qé terms
. {see equations (16), (17), (18) and (19)). As mentioned
earlier, the representation of CO2 band aﬁsorptibn for
intermediate line strength became necessary, since our simu-
lation study demonstrated that néither a strongwline madel
alone, nor strong-line-weak-line models_rendered'sufficiently
accurate numerical attunement. It ié exactly'the aftune-
ment procedure which provides a sufficiency criterion.

‘The temperature sounding used as an input for the FfU
run of figure 1 was a cyclically balanced T-sounding gener-
ated by the uﬁébridgeq M/T program on the CDC ESGU/System
175. {This coﬁputiné’system'of United Computing Systems,
’Inc., St. Louis is about 13 timés faster than the CDC BSUD
at Yalem Computer Center, Saint Louis University, as far
as our particular program is concerned. Because of limited.
éompﬁtiﬁg funds, the simulation study with the syétem;l75
was kept to 4,5 hours. Additional computing was performed
fhrbﬁgh the'ea$i1y7accessible'Yalem_Center at Baint Louis
.University);
| 'Iﬁ dréer.td.fhrbw more 1light on the question of how
the number of terms ih the aforementioned saries expansion of

the Beséel functions affected the output, some additional
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=:0.00 40.00 60.00 #0.-00 100.00  1a2n.00  [4%0.08  150.00  180.00  200.00
. HAVE-NUMBER. (10/CH]

Fig. 2: Same as Fig. 1 except that this output was simu~
lated by the abridged form (33 terms) of the
F/0 program on the CDC 3300/YALEM; the measured
data are an individual IRIS spectrum in a non-
degraded mode. This time, the curve of the
measured spectrum is marked by an asterisky; the
simulation is given a solid line. "
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runs with just 33 térms were carried out. With this par-~
ticular modification, we combined some variations in the

temperature input. Thus, instead of feeding into the F/0
run a T-sounding which was generated by a run of 48 hours
of the M/T model (cyclical balance); we used the original
IRIS inverted temperature sounding in our F/0 simulation.
Figure 2 shows *he result.

It is apparent that the matching is of good quality.

Only minor differences exist due to the adoption of the

abridged form for the series expansion of the modified Bessel
function, The surface temperature and the T-sounding for
the simulation was the same as that of the measured IRIS
spectrum as shown in figure 3. Attention is called to the
steep drop of temperature near the surface. Otherwise,

there is nowhere a lapse rate close to the adiabatic value
(5.,2K/km) .

As an additional variation, the IRIS~inverted T-sounding,
with the mean IRR brightness temperature of 259.5K for the
surface, was inserted in the abridged F/0 program. The out-
put is presented in figure % which clearly shows the in-
fluence of the surface temperature on the.épectral'flux-welling.
up at the top of the atmosphere., The respective input sound-
ing is shown in fipuve 5. - | I

From the illustrations, previously shown, it is evident

the surface temperature is a controlling factor in any
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: TEMPERATURE (K}

Fig., 3: The temperature sounding used as input for the
simulation whose output appears in Fig. 2,
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148.00 190.00

120 .00
WAVE-NUMBER, (10/CM)

0.00 B0.00  100.00 16000 200 .00

Spectral upward flux, at the top of the Martian
atmosphere, in erg sec-1l em~2 (hemisph)=l/cm-1,
versus wave-number in cm~1 for February 16, 1872,
12,72 LMST at -4#1.4 deg. lat. and 327.7 deg.
long, as simulated (solid curve) by the abridged
F/0 program with T-sounding of Fig. 5 as input

(T = 259.5K).  Curve with (%) is the measured
IRIS spectrum.
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Fig. 5: Temperature sounding used as input for simulation

whose output is given in Fig. 4. Curve is identi-
cal to T-sounding of Fig. 3 except for Tg = 259,5K.
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M/T-model generated temperature sounding versus
height used as input for a F/0O-simulation under
dust~free conditions on February 16, 1872; '

12,72 LMST. Areographic location: -4%1.4% deg, lat.

and 327.7 deg. long.; temperature lapse rate up
to 6 km: adiabatic or steeper.
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simulation procedure. It is for this reason that we have de-
veloped an analytical interface condition (see chapter 6)
which is highly sensitive to all heat fluxes except advection
considered contributory to the thermal setting at the surface.
A justification for the omission of advective heat flux has
been offered elsewhere (Pallmann et alii, 19873),

In the subsequent paragraphs of the section, some of the
characteristic.output of the attuned F/G— and.M/T—modelé will
be presented as they pert.¢.n to the dust-free case (February 16,
1972). In choosing a M/Tugenerated temperature sounding,
given in figure 6, as input to a F/O~simulation instead of the
IRIS-inverted T-sounding, we obtained again a high quality
match with the measured IRIS data. The matching result is
shown in figure 7. For both curves, the pertinent surface
temperature 1s T_ = 261.8K,

A decomposition of the simulated spectral flux, welling
up to the top of the atmosphere, has permitted us to illustrate
the contributions of ail atmospheric 1ayers to that flux in
the lower curve Ef figure 8. It is evident that the highest
thermal level was achieved in the middie of both wings of the
bulk CO2 absorption band centered at 687.cmfl. This atmos-

.phefic contribution to the spectral flux at the top was com-
pared with the measured IRIS spectrum of February 16 in
figure 9.

The simulated emission from the ground, subsequently

attenuated by the atmosphere, has been related to the IRIS
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Fig. 7: Simulated flux and measured IRIS flux versus
' wave-number; the latter flux curve is marked
by (*¥), F/0 input: T-sounding, date and
location of Fig. 6.
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=u0.00 40.00 60.00 80.00 1D0.00  120.00  4B.00 180.00  iB8.RA  200.00
. HAVE~-NUMBER, - 10/CM) . :

Fig., 8: Simulated flux originating from ground and
atmospheric layers (upper curve) and strictly
atmospheric contributions to flux at the top

- of Martian atmosphere (lower curve) versus
wave~number; date and location: see Fig. 6.
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%p.0p up.00 60.00 a0.00 . :00.00 . 120.00  148.00  160.00  180.00
HAVE-NUMBER. (10/CH1

Fig. 9: Atmospheric component flux (lower curve) as
simulated, and measured IRIS flux (%) versus
wave number; date and location: see Fig, 6.
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Szp.n0 40.08  GO.00 B0.00 tb0.00  120.00  140.00  150.00  )\®WD.00  200.00
o - o HAVE-NUMBER. (10/CM)

Fig. 10: Simulated ground flux, subsequently attenuated
by atmosphere (solid curve) and measured IRIS
flux (*) versus wave-number; date and location:
see Fig. 6. '
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data in figure 10. The area between the 2 curves is equal

to that under the lower curve of the previous figure., Out-
side the COz-absorption band, the IR radiation is almost
completely transmitted to the atmospheric top. This is a
sensible result if one keeps in mind that the model does not
accommodate photon-matter interactions with minor constituents
and the spectral dependence of emissivity of silicate dust

at the ground.

In figure 11, the spectral flux transmissivity through
the total depth of the atmosphere has been plotted. The de-
cline of the curve below the value (1.0) is strictly de-
pendent on atmospheric COZ' Particular attention is called
to the opacity from about 640 to 630 en™T,

In the remaining paragfaphs of section 7.1, we will dig~
cuss some typical outputs, genevated by our time-dependent
M/T model, either_uséd further as an input into the F/ 0~
simulation or simply presented in their own right. The former
procedure permits us to elucidate more the.dependende of the
F/0 simulation on particular input data, whereas the latter
may indicaté the inherént.capabilities'of the M/T mddél.

The program input pafameters are given in Table 1.

. Afféf a fmeHiﬁtegration.ovef more fﬁénfﬁDD time-éfeﬁs;
the M/T model produced temperature soundingé (tautbchrones)
for étmospheré.ahd go0il in balahca fof.a 24-hour cyclé

(eyelical balance). The atmospheric sounding which evolved
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TABLE 1

FEBRUARY 16, 1972

MARTTAN ATMOSPHERE RAD-COND-CONV HEAT TRANSFRR SIMULATION

PROGRAM PARAMETERS:

INITIAL TIME 12.720 LOCAL MARTIAN SOLAR TIME
NUMBER OF TIMESTEPS 400 |
TIMESTEP INTERVAL  10.000 MINUTES (MARTIAN)

| 4,000 MINUTES CMARTiAﬁ) FROM 13.00 TO 17,00
SURFACE ALBEDO . 300
'SOTL DENSITY 1.500 GR/CU-CM
SOTL CONDUCTIVITY © 2.300E 04 ERGS/(SEC CM DEG)
SOTL HEAT CAPACITY 1,005E ERGS/(CU-CM DEG)
€02 CONDUCTIVITY 1.330E 03 ERGS/(SEC CM DEG)
LATITUDE _41.40  DEG
DECLINATION OF SUN -5.80 DEG |
DURATION OF SUNSHINE  760.8 MINUTES (MARTIAN)
RATTO OF MEAN/ATUAL.

SOLAR DISTANCE 1.0002
SURFACE PRESSURE 4.6 MB
DUST AMPLITUDE 0 /CM

ONE MARTIAN -SOLAR DAY = 24 MARTIAN HOURS - 1440 MARTIAN MINUTES

ONE MARTIAN MINUTE = 61.6491 SECONDS
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20.00  146.00

Fig. 12.

1E0.0C - 1B0.00  20D.00  220.00  g2u.080  250.00  280.00  300.00
TEMPERATURE (K) : o

Cyclically balanced temperature sounding vs.
height, in simulation for February 16, 1972,
12.72 LMST, as input to the F/0. program. For
additional parameters, see table 1.
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for simulation day 3, 12.72 LMST as cyclically balanced has
been plotted in figure 12. Three distinct characteristics
appear in the temperature distribution., First, in the supr-
face boundary layer of 12.5 m of thickness, the temperature
dropz by about 19 K with a ba.anced TS = 256K. By com-
parison, the drop in the IRIS-inverted temperature sounding
of the same local time is steepern.

The second characteristic in figure 12 is the convec-
tive layer which extends with its adiabatic lapse rate to
a height of about 6 km. This sublayer is not discernible
in the IRIS-inverted temperature curve. Thirdly, the upper-
most branch of the simulated T-funection in figure 12 has the.
typical shape of temperature distribution for a layer in
which radiative transfer is the predominant heat transport
mechanism.

The dependence on wave~number of simulated spectral
flux welling up at the top of the atmosphere, is illustrated
in figure 13, The upper curve represents the contributions
from ground and atmosphere duly attenuated by the intervening
layers. The exclusive contribution to outward flux by the.
atmospheric strata is shown by the lower curve. The
difference between the two‘curves at any wave-number indi-
cates how much of the IR radiation, emitted by the ground.
surface, reaches the top of the atmosphere.

Figuve 1 mainly demonstrates the conseguence of different

surface temperatures implicit in the IRIS spectrum (261.8K)
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Fig. 13, F/O0-simulated upwelling flux in ergs/(sec cm2
hemisph/em) vs. wave number in (10/em) for
February 16, 1972, 12,72 LMST.  Upper cunve:
flux from ground and atmosphere combined; lower
curve: exclusively atmospheric contribution fo
flux. For additional parameters, see table 1.
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Fig, 14,
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F/0 simulated.(solid curve) and IRIS-measured (%)
upwelling flux, in erps/(sec em? hemisph/cm) vs.
wave number in (10/cm) for February 16, 1972,

12,72 LMST. For additional parameters, sece
table 1. , -
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Fig. 15. F/0-simulated atmospheric contribution (lower
curve} and IRIS-measured (®) upwelling flux
in ergs/(sec cm? hemisph/cm) vs. wave number
in (10/em) for February 16, 1872, 12,72 LMST

for additional parameters, see table 1;

TS = 256K,
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and the cyclically balanced simulation spectrum (256K). In
the center of the CO2 absorption band, the two curves co-
incide. A comparison of the simulated atmospheric component
flux with the measured IRIS flux spectrum is faeilitated in

l, the upwelling

figure 15. Between about 640 and 690 cm
radiation is strictly originating from the atmosphere. No
ground emission reaches the top of the atmosphere.

As to the direct M/T nodel outputs for the dust-free
condition of the southern-hemispheric midlatitudes, “he
gradual evolution toward cyclical balance may be recognized
in figures 16 and 17. In both figures, four-hourly atmos-~
pheric temperature soundings are presented. The sequence
begins with the IRIS-inverted T-sounding at 12.72 LMST of
February 16, 1975 and Ts = 259,5K (IRR brightness temperature)
as ihpuf. - | o o

Figure 16 shows as the last four-hourly sounding the
curve at 12:00 LMST of day 2, Figure 17 is the continu-
ation completing the second diurnal cyele at 12.72 LMST., It
is evident that the cufves 6f the second cycle stay closer
togethef, particularly between 4% and 10 km., The surface
temperature spread covers about 70K, 'Théﬂgreatest thickness
of the convective layer is reached at 12.72 LMST of day 3
with 6 km. - - | ”

The first and last Tnsounding'may be coﬁpared in figure
}18.v Sinée the‘soun&ing of day 3 is close to the Z4-~hour

cyelical balance, we submit that it is more representative of
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inverted sounding and proceeds as indicated by markers (upper right). TFor ad-

ditional parameters, see table 1.
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the thermal stratification in the southern-hemispheric mid-
latitudeé near the end of the suﬁmer season. The largest
differences of temperature for these two soundings are be-
tween % and 25 km of height with up to 15K. As mentioned
earlier, the temperature spread in the surface boundary layer,
from 0 to 12.5 m, is about one third smaller for the M/T
simulated sounding or about 20K.

In figures 19 and 20, the four-hourly tautochrones (see
Geiger, 1968) are presented for the period of 48 hours. The
higher vertical resolution in.soale reveals more detailQ.
Steep near-surface inversions of up to 30K are discernible
near sunrise. During the afternoon, the thickness of fhe con-
vection layer clearly goes beyond 1,500 m. As to the sub-
surface strata, below 60 cm the temperatures are assumed con-
stant and equal to 222K. Figure 21 facilitates comparison be~-
tween the initial and the final tautochrone, One may be
mindful of the limited vertical resolving power of the inte-
gral inversion technique which was applied to measured IRIS
spectra in order to obtain tempevature soundings (Conrath,

19743 see also chapter §).

7.2 ATTUNED MODEL OUTPUTS, MODERATE DUST~LOAD

By inserting the height-dependent effective dust absorp-
tion céefficient for December 24, 1971 (chéptér 4) in the
transmission funetion of both the F/0- and the M/T-simulation

programs, we generated a variety of appropriate outputs which
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were plotted via CALCOMP. The coefficient used to describe
the effective absorption by dust was (1.2 x lDfT-exp

—9.22)) cm"l. For further detail, see section 4.3

(~1.11 % 10
- of this report.

In the subsequent paragraphs, we will again present first
some_results generated by the F/0O-program followed by out-
puts pertinent to the M/T-model. The temperature sounding
used as input for the F/0~-simulation is given by fipure 22.

It is és before a cyclically balarced sounding et 14.05 LMST
The surface temperature reads Ts = 264K3; and, within the
surface boundary layer, a decline of 14K is discernible.

There are two layers of convective overturn, oné'up to about
6.5 km and the other from the top of the dust layer at 40 km
down to about 27 km or twice as deeﬁ.' At the top of the dﬁst
layer, the temperature is only 124K, a value gradually reached
by the model in its trend toward a balance over a 24~hour
ecycle, |

The effective dust absofpfion céefficient is presented
in figure 23. As stated earlier, the mathemétical form'of
this function is Gaussian with a drop—off at 40 km ttop of
dust layer). In flgure 24, the simulated flux is compared
with the measured IRTS spectrum for thls date. It is evident
that the thermal level of the simulation curve is lower as
a.céﬁsequence of the reduced surface temperéture in cyclical
balance., Detalls of comparisen within the 602 absorption
band will be offered in section 7.3 which covers the optically

thicker_dust condition.
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em-1 vs, height in km, for December 24, 1871,
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Top of the dust layer located at
b0 km.. For additional parameters, see table 2.



-89~

€0.00 ©  ®0.08 100.00  12D.00  1%0.00  160.00  180.00  200.00
HAVE~-NUMBER,. (10/CM) ’

F/0-simulated (solid curve) and IRIS-measured (%)
upwelling flux, in ergs/(sec cm? hemisph/cm) vs.
wave number in (10/cm) for December 24, 1871,
14,05 LMST, For additional parameters, see
table 2,
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F/0-simulated upwelling'flux in ergs/(sec em?
hemisph/cm) vs. wave number in (10/em) for
December 24, 1871, 14,05 LMST, Upper curve:

- flux from ground and atmosphere combined; lower

curve: exclusively atmospheric contribution to
flux., For additional parameters, gee table 2.
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In figure 25, the simulated flux from ground and atmos-
phere together with just the atmospheric contribution are

1

shown. Outside the CO, absorption band, centered at 667 cm —,

2
the involvement of the dust is clearly evident. A Planckian
function of low temperature can be found to represent
effectively the dust emissions. Again the highest thermal
levels of the atmospheric emission upward may be recognized
in the middle of the two wings of the 002 band. The trans-
mission=¢é§ability, integrated over the entire depth of the
atmosﬁﬁére is shown in figure 26 as a function of wave number.

In the remaining paragraphs of the section, typical out-
puts of the M/T-simulation are toc be presented. The program
input parametersrare given in Table 2. The Tfour hourly
températurétééﬁndings over a {ime period of 48 hours are
illustrated invfigures 27 and‘28.‘ Similar to the dust-free
conditioh on'?ebruary 16, 1972 (figures 16 and 17), é trend
toward cyclical balance is discernible. The evolving temper-
.ature sbun&ing was discusséd above in conjunction with “the
_P/O-éimulaticn of December 24, 1871. |

Four regimas.may be distinguished in figure-ZB,li.e.,
the planetary boundary layer with either_nocturnal inversions or
convection around local noon, the layer from 6.5 to'27_km
with hydrostatic stability, the second convection layer be-
~tween 27 and 40 km, and finally a very stable layer topping

the dust stratum.. By comparing the thermal characteristics

between 12 and 30 km with those for the dust~free situation
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TABLE 2

 DECEMBER 24, 1971
MARTIAN ATMOSPHERE RAD-COND-CONV HEAT TRANSFER SIMULATION

PROGRAM PARAMETERS:

INITTAL TIME " 14,050 LOCAL MARTIAN SOLAR TIME
NUMBER OF TIMESTEPS 300
 TIMESTEP INTERVAL  10.000 MINUTES (MARTIAN)
| 4,000 MINUTES (MARTIAN) FROM 13.00 to 17.00
SURFACE ALBEDO ~  .300 | |
SOTL DENSITY 1.500 GR/CU-CM
SOTL CONDUCTIVITY  2.300E 04 ERGS/(SEC CM DEG)
| SOTL HEAT CAPACITY 1.005E ERGS/(CU~CM DEG)
'COZ CONDUCTIVITY  1.330E 03 ERGS/(SEC CM DEG)
LATITUDE -54,00 DEG
DECLINATION OF SUN -16.20 DEG o
DURATION OF SUNSHINE 913.1 MINUTES (MARTIAN)
RATIO OF MEAN/ATUAL. |

SOLAR DISTANCE 1.0483
'SURFACE PRESSURE 4.8 MB
'DUST AMPLITUDE = 1.200F-07 /CM

ONE MARTTAN SOLAR DAY = 2u MARTIAN HOURS - 1440 MARTIAN MINUTES

ONE MARTIAN MINUTE = 61.6586 SECONDS
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Fig. 28, Continuation of M/T-simulated four~hourly atmospheric temperature soundings in
degrees K vs., height in km for December 24, 1971, 1%.05 LMST. Sequence of 2% hours
begins with IRIS-inverted sounding and proceeds as indicated by markers (upper
right)., TFor additional parameters, see table 2.



-96-

to 20Krdue to the presence‘of dust. The intense cooling near
the dust top whiéh_is related to the discontinuity of the
radiatively active material concentrations, may be partially
caused by the particular modeling procedure about that level,
In figures 29 and 30, the four~hourly tautachrones for
December 24 are plotted. . Because of the higher vertical
resolution, detailed structure characteristics of the nocturnal
. temperature inversions or convective stratification éppear.
The thermal cohdﬁction in the soil depends on the values of
various related”pamgmeﬁers, given in TABLE 2, Initial and = i
final soundingiof this time-dependent run are fairly similar

because a simulated sounding was used as input.

7.3 - ATTUNED MODEL OUTPUTS, OPTICALLY-THICK DUST-LOAD

Tha'day of ﬁovember 22, 1971 was chosen.to represent fhe
condition of the ;;fically—thick dust-load in thé‘southernw.-
hemispheric.midelafitudes. The particular value chosen for
the height-dependenf coefficient of effective absorptionvby, .
dust particulates was (3.0 x 10~7  exp(-1.11 x 10~%.22)) em.
it determined the.effective dust transmission, as discusgad “
in ﬁhpf. Q-Of this répdrt. Ifs_heightwdependencéﬂis illugfrai:
ted in figure 31. A sharp drop-off is discernible at 40 km
“markihgﬁ%ﬁé“édoﬁééévébﬁ of the dust-layer.

The input sounding for the F/O-simulation is shown in
figure 32, This temperature sounding is the result of more

than 300 time-integrations with the M/T-program. Cycliecal
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Fig, 33. TF/0-simulated upwelling flux in ergs/(sec cm -2
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: November 22, 1971, 9.52 LMST. Upper curve:
fiux from ground ancl atmosphere combined; lower
- curve: exclusively atmospheric con‘trlbutlon to
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baiance over 24 hours is satisfactorily-abproximated. bMore
details of its structure will be preseﬁtéd"in confﬁncfioﬁ with
the diécﬁssion on the b-hourly soundings over a 2-day period,
near the end of this sectioh. In figure 33, the f/O-simulétéd
flux, emitted by ground/atmosPhere and subsequently transmlt—
~ted to its top (upper curve), as well as the strlctly atmos—b
pheric contrlbutlon (lower curve) are depicted as a functlon
of wave-number. The pereentual fractlon of the atmospherlc
spectral flux appeared to be doubled when compared with that 

' of{December 24,1971, The diffefence betwéeﬁ the‘2.cﬁr§eé;
shown in figure 33, is a measure of_fhe_ground emission which
arrives at the top of'the.étmosphére. Cleérly, neaf 667 cmfl,
no surface emanation reaches the top. The dust-laden CO,~
atmospheré'haé‘éffEéfivéiy absarbed all photons near this wave-
number. |

| .A éompariéoh béfwéen the simulated and measured.upwelling
fluxes is foered:in figure 34. The difference in the levels
of the.cﬁrvés-dﬁtsideVthévCOQ—bands is chiefly related to the
difference in surface teﬁperatures Tg. The IRIS-Tg = 238K is
moré'thahlzok lower than that of the cyélically balanced soun-
ding. As will be seen in figure 38, the IRIS-inverted tempe- -
'rature soundlng is not in cycllcal balance._ Wiihin fhe COqy~

. bands_around 667 cm"l, the s;mulated flux-spedtrum'Showsvtoo?
low a temperaturé level. Various interpretations for this
phénoménon caﬁ be offered. One . relates it to the om1531on

of the. Doppler shape factor (see sect. 3,3). ThlS shape fac—'

tor makes a better allowance for gapplnESSTbetween Coé»absora‘
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btion.lines. 'Widér sﬁectral'gaps permit a larger number
of_IR-photons from lower, fherefore warmer, regions to leave
the atmosphefa. Tﬁis intensified tféﬁémission would lead to a
1ift of the simulated flux curve within the CO, bands.
.Another inferpretatioﬁ makes reference to a study of ter-
restrial mesopherlc dust granule temperatures by Flocco et
alll (1975) who deduced dust temperatures (up ‘to 100K) higher
than the amb;ent temperature. If a blmllar. condition exists
on Mars we Wouid be dealing with.hottér pértidulate emitters
embedded in a colder env1ronment This wdﬁld genérate an
-enhanced emission measurable as a hlgher upward.flux value.

- The spectral_transmissivity'for the total'depth of the
atmosphere (50 km) is depicted in figureiss as a function of
‘wave-number, - A total opacity from B40 to 690 em™ 1 is again
discernible. 'Qutside.fhEJCOQf bahds, about 42 % of the iR-
radiation from the ground arrives at the top of the atmos-;-

phere, Mlnor vacillations near 1,u00 and 1,920 em” ol

stem
from COQ—absorption. | | |
In the remaining paragraphs of section 7.3, ﬁ/T—simulated
timé—dependent.outputs will be discussed. ' The adopted_values:'
of the program.parameteré are shown in Table 3, The time evo-:
| lution'bf the atmospheric temperature stratification oVér_MS_-vi-
hours has been)plotted in figures 36 and 37. The sequence'ofv
zﬂ-hdurly'fempérature'soundings starts with the JIRIS-in-
verted T»soundin? whose surface temperature was set'to T, =

' ZEBK. Its temperatures between 15 and 30 km pemain the lowest

over the entlre perlod of tlme 1nteyratlon. ThlS suggests
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TABLE 3

NOVEMBER 22, 1871

- MARTIAN ATMOSPHERE RAD—COND;CONV HEAT TRANSFER SIMULATION

PROGRAM PARAMETERS:

'INITIAL TIME 9.52q'LOCAL MARTIAN SOLAR TIME
- NUMBER OF TIMESTEPS 300 |
IMESTEP INTERVAL io,bbn MINUTES (MARTTAN)

o - 4000 MINUTES (MARTIAN) FROM 13.50 TO 16,50
SURFACE ALBEDO  .300
SOIL DENSITY 1.500 GR/CU~CM S
SOIL CONDUCTIVITY  2.300E Ok ERGS[(SEC cM DEG)
SOIL HEAT cAPACI$?  1.005E 07 ERGS/(CU-CM DEG)
C02 CONDUCTIVITY  1.330E 43 ERES/(SEC CM DEG) |
LATITUDE =~ - -40.10 DEG
DECLINATION OF SUN -21.90 DEG
DURATION OF SUNSHINE 878.1 MINUTES (MARTIAN)
RATIO OF MEAN/ACTUAL,

. SOLAR DISTANCE - . 1.0737"
 SURFACE PRESSURE =~ 5.3 MB
' DUST AMPLITUDE ~ 3.000E-07 /CIt-

ONE MARTIAN SOLAR DAY = 24 MARTIAN HOURS = 1luuQ MARTIAN MINUTES

ONE MARTYAN MINUTE = 61.6625 SECONDS
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that radiative heat transfer mechanisms. maintain in this
laYer temperature levels incresed by up to 30K. Above and
below this layer, additional heat transport accurs by
means of convective overturn, characterized by the adiabatic
lapse rate of 5.2K/km (straight lines slanting from fhe upper
.léff to the lower right),
Again, temperature inversions arevdiscernible in the lo-

- west atmosphere around éunrise9 and above the dust-layer top
(at 40 km) with variable strength over the diurnal cycle.
- In figure 37, the approach toward the cyclical balance may
be recognizéﬁ. Diurnal temperature ranges are thé following:

- at_théjsurface, about 71K;

- in the lowest‘Z km, abbut 40X;3

- at the top of the planeatry boundary layer, about 15K; .

- neaxr 30 km about 22K; and

- in the uppermost atmospherié.layer_ébove the dust,

about 6K, |

- If a zomparison is made betweeﬁ these siﬁﬁlafed tempera-
_ture characterlstlcs and the S-band occultatlon soundlngs of
temperature, 1t is apparent that 51m11ar ba51c features ex1st
in the ogcultatlon_data. For instance, the S,H. midlatitudi-
nal occultation femperatﬁre profile of revolutioh 17 (Kliore
~et aldii, 13872; fig._VI—é) shows a temperature minimum of about
160K at Martian radius.3,418 km, witﬁ a quasi-adiabatic stra-
tification, several km deep, béiow this levei. Furthermore,
the lapse rate of the occultation profile in the lowest kiloe

meters appears to be quasi-adiabatic, whereas the rate of
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temperature change in the intermediafe layers is just a small
fraction of the adiabatic lapse rate.

This coincidence of some features in the simulation and
occultation soundings appears to be repeated for profiles of
revolution 1, 3, 7, and 15 (Kliore's fig. VI-2), Although it
is vecognized that the occultation data are noisier, in prin-
cipal they have a higher vertical resolutioh than IRIS-invef-
ted temperature soundings (see chapter 5 of this report),

In figufé 38, the gpproach toward the cyelical baiance
is illustratéd by showigg the initial (IRIS-inverted) and the
final:(simulation) femperature soundings for the period of 48
hours. It is obvious that a rather large discrepancy exists
between 10 and 35 km. This is a consaguence of the simulated
heating by dust, which is incorporated into the M/T-model.

If we assumed thét the minimum in the upper portion of the -
occultatibn temperature profile is at about 40 km, the pro-
file would follow more closely the final souﬁdihg. Conversely,
if the height of the dust layer had been simulated at 32 km,
the M/T-generated final sounding would have appeared similar
to the smoothed oocultafion sounding.

In figures 39 and 40, the M/T simulated fouf-hourly
tautochrones are depicted for November 22, 1871, The initial
sounding at 9.52 LMST is the IRIS~inverted temperature dis-
tribution, Thé higher spatial resolution of the height-scale
permits us to discern more easily the near-sunrise thermal in-

versions up to 1,500 m and the near-noon adiabatic
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stratification due to convection. Again, the second simu-
lation day (Fig. 40) illustrates the approach toward cyclical
balance with the last sounding at 9,52 LMST of simulation-
déy 3 being féken to be sufficiently balanced.

| The sub-surface temperature variations of simulation
day 2 and % clearly indicate +that changes comparable in
magnitude to the range.of T, are limitad to the first 10 to
20 cm below the surface. This feature depends on the numeri-
cal values chosen for the thermal parameters of the silicate-
soil (Table 3). Pof very steep subsurface temperature grad-
ients, the flux of thermal conduction assumes just below the
surface rather large values which are a major fraction of
those for the nocon insolation. This indicates the heat
storage and discharge capability of the Martian soil over the
24-hour cycle. The area embraced by the two tautochrones
‘with ﬁighest and lowest temperatures may be taken as a measure
of the oscillatory heat transports of the.soil.

For easier comparison, the initial and final tautochrones
are shown in figure 41. The trend toward cyeclical balance in-
creased both fﬁe atmospheric and soil temperatures bv more
than 10K almost evervwhere. The tautochrones of figure 41,

i, taken together with the soundings of figure 38, delineate the
temperature dictributions of the grouﬁd—atmospheée for

cyelically balanced and unbalanced conditions.
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SUMMARY OF FINDINGS
The attunement of the refined model to IRIS,.IRR
and S~band occultatition data facilitated the creation of
a broad spectrum of ouwtputs (chapter 7) which has been

serving as an information pool for interpretation. With

respect to the'atmospheric dust-load, it permitted us

to generate inferences into the representativeness of

IRIS-inverted temperature soundings, the significance of

IR~radiometric brightness temperatures, and the useful-
ness of Snband occulfetidh'data. | |

The underlying principle for our.time-depeﬁdent heat
transport éimulation Was fhat atmospheric and soil teﬁperaev

ture flelds are the result of free exchange of heat

'through radlatlve, convective and conductlve transférs."

In this context, advection was not exp11c1tly»modeled into
our pro?ram; If given sufficient time, the teﬁperature

fields generated by the R.C. C T, model Wlll tend to approxm-

f__mate a balance over the 24 hour cycle.

In_the following paragraphs,_some of the more basic
findings of the dete-aftuned simulation effort ere given}
1) . In the dust- free atmosphere, a vepy close attune~
ment of the c::c:un.blrm'"'l M/T- P/O—model is attalnable.
It is 1nferred that the cycllcally balanced
'temperature soundlng, generated for the dust-free
L;condition,,is_mpre_representafive of the actual

thermal field than the IRIS-inverted sounding if
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there is no advective interference with the eyclical

" balance, Conversely, one may conclude, in the

presence of advective interferences, deviations from
the cyclically balanced éounding are likely to

cceur.

Thé cyclically halanced temperature sounding basically

reveals 3 regimes in the vertical structure of the

- Martian atmosphere, i.e., (2) a surface boundary layer

in which diurnal temperature variations of up to
aboﬁt‘7DK (at the ground) occur; {(b) a-planetary
boundar? layer whose top is determined at ébéut 5 km
by intense radiative—convectiverheat transfer; and

(e} the "free" atmosphere with prédominantiy radiétivé
heat transfer in which diurnasl temperature variations
are less than 10K. o | |
For moderate dust-loads (such as on December 214, 1971),
the attunement of the combined M/TeP/D—madél:is fairly
close. It is inférfeasthéf tﬁa cyclicéliy balanced
temperature sounding, generated for this case appears
in'its detail meteordlogiéally more féalistic than

the IRIS-inverted sounding if advective_interfergnce

'with'fhe'cvciiéal balance is discarded. Conversely,

we may conclude that advection could cause deviation

© from thé'cycliCél balance.

For a dust laygr_of moderate concentration, the

. cyélicallv_balahcea temperature sounding shows & basic

thermal regimes in the_vertical-structure_of the
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Martian atmosphere, i.e.,r(a) a surface boundary layer
with a diurnal temperaturé.variéfion of ﬁp to'BéK (at |
the ground) ; (b) two convectlve«radlaulve transfer
layers, one from 0 to 6 km and the other from the top
of ﬁhe dust layer (40 km) down to 27 km; (c) a layer
from 6 to 27 km in Which radidtive trénéfer is the COn—H

trolling transport mechanism; and (d) a rather intense

(40K) inversion layer topping the dust layer.

;Eor-optically—thiqk_dust—loads_(November,_lg?ll,.the

attunement of the combined M/T-F/0-model is fair
enough to serve as a basis from which to infer. We

find again that because of its higher vertical resoclution

" the cyeclically: balanced temperature sounding is meteoro-

logically more representative than the IRIS~inverted
sounding unless advective heat transport interfere. Con-
versely, it ‘may be concluded that, in the presence of
effective advection, deviations from the balanced sounding
ére to bé expected, |
For.an.optically—thick dust layer ﬁith a diﬁrnally

balanced thermal cycle, the generated sounding indicates

‘again 4 basic regimes in the vertical atmospheric struc-

ture, i.e., (a) a surface boundary'layer with a diurnal

teﬁpefature variation of up to 72K (at the groundl); (b) -
two convectlve-radlatlve layers, one from -8 km and the

other from the tou of the dust layer (40 km) down to

about 32 kmj (e) a layer from 8- 82 km with radiative |
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transfer dominating the heat exchange and causing diurnal

temperature variations of at least 15K; (d) a rather

_steep iﬁvéréion layer of between 6 and 18 K temperature

increase topping the dust layer.

The Martian dust partlculates appear to be rather effec-

tive absorbers Wlth a likely compley 1ndex of refractlon

m = 1.55 - i (0,0465 + 0, 0155) for thn v181b1e range.

The dlurnal hlstory of the cycllca*ly balanced Lempera—
ture soundlng does permlt us to re-lnterpret the IR~ radlo—
- metric (IRR) bﬂlghtness temperature._ As an example' on

November 22, 1871, 9.52 LMST, the averaged IRR-temPEﬂature

was 234,7K whereas the balanced surface temperature_showedv

, TS = 259K. In our sounding, the value 234.7K was reached
at an ele#ation_ofuabout 800 m.

- In spite of its inherent noisiness, the S-band occultation

data confirm some of'the features in the vgrtical,temperaf"

ture structure, as generated by our simulation. Conversely,

.our cyclically balanded;T—soundings may be used to adjust-

occultation temperature soundings.
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