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ABSTRACT

Sunlight incident on’a planetary atmosphere is
scatftered by molecules and aerosols and partially reflected
by the surface. Some of the atmospheric gases also absorb
part of this radiation at characferistic frequencies so that
the intensity of the emergent radiation has a variation with
frequency that depends on the interaction of the scattering
and absorptibn'processes. Measurements of spectra in light
reflected by planetary atmospheres are used to determine
their structures, but the conclusions depend on the model
used to interpret the measurements. Very thin atmospheres
can accurately be modeled using a simpie reflecting-layer
theory in which the absorption takes place in a non-
scattering layer lying above a reflecting surface, but for
thicker atmOSphefes scattering of incident light in the
atmosphere changes the characteristics of the observed
absorption lines. In previous research a curve of grbwth
based on a homogeneoué, semi-infinite, isotropically scat-
tering model has been used to interpret measurements of
absorption lines from Venus. Also, similar data have been
studied by comparing observed lines with’synthetic'absorp—
tion profiles formed in a homogeneous, semi-infinite,
isotropically scattering model atmosphere.

xii
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In the present research a numerical model is
developed that produces synthetic absorption lines in an
inhomogeneous, finite, Rayleigh scattering model atmosphere.
-The transfer equation describing the interaction of solar
radiation with the atmosphere including the effects of
Lambert surface reflection is solved using the auxiliary
equation method. The absorbing gas is assumed to be well-
mixed, but the absorption coefficient profile changes in the
vertical because of changes in temperature and pressure. A
Voigt profile is used to specify the value of the absorption
coefficient across the line at each level in the atmosphere.
The structure of the model atmosphere is.based on terrestri-
al conditions, and thé synthetic spectra correspond to
absorption lines that would be measured in light scattered
by the earth and its atmosphere in regions where non-

" Rayleigh scattering can be ignored.

Differénces between inhomogeneous and homogeneous
atmospheres imply that an inhomogeneous model should be used
for comparison with spectra from thick planetary atmospheres.
Absorption lines observed in scattgred iight are broader
than the corresponding.absorption coefficient profile, and
absorption in the wing is enhanced by scattering. The char-
acteristics of synthetic absorption profiles depend only

weakly on the scattering thickness of the atmosphere., For
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moderate absorption the equivalent widths of synthetic lines
are proportional to the product of line strength and amount
of absorbing material raised to a power between one-half and
one, the power decreasing with the amount of absorption.
Radiation reflected by the surface broadens and deepens
absorption lines, and the per cent polarization of the

emergent radiation is usually largest at the line centers.



CHAPTER I

METHODS OF INTERPRETING ABSORPTION LINES
IN PLANETARY SPECTRA

Sunlight is scattered and absorbed in the atmospheres
and at the surfaces of the planets. A mathematical descrip-
tion of solar radiation interacting with a planet and its
atmosphere is important for two basic reasons: 1) the
.structure of a planetary atmosphere béth physically and
dynamically is determined primarlily by how much and whefe
solar energy is absorbed, and 2) important data on planetary
atmospheres can be deduced from measurements of scattered
sunlight. The particular purpose of this work is to study
the characteristics of absorption lines formed in sunlight
-that has been reflected from a planet and to relate these
characteristics to the physical structure of the planet's

!

atmosphere. -

Because of interest in planets and their atmospherés,
space scientists have developed spectrographic observing
systems capable of meééuring the intensity over small fre-
quency intervals, Iv’ of light emerging from the planets.

In this dissertation it will be assumed that appropriate
measurements can be made; only the interpretation of these

observations will be discussed.
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The determination of composition, temperature, and
pressure in planetary atmospheres from spectroscopic mea-
surements of reflected sunlight depends in part on the
assumptions made about the atmosphere. Therefore 1t is
important to use a realistic model. Typically the primary
interest is to determine what gases are present, the abun-
dance of each constituent, the surface pressure, and the
surface temperature. Later the aim is to specify the
vertical distribution of abundance énd température.

The. presence of various gases is usually determined
by noting the presence of absorption lines in planetary
spectra at characteristic wavelengths. The relative
strengths of absorption lines at several wavelengths also
aid in determining the presence of specific molecules.

While the identification of constituents is
straightforward, the determination of abundance depends on
the method used to evaluate the data. Traditionally in
astronomical spectroscopy the equivalent width, W, has been
used as a measure'of thevtotal'absorption in one line and is

defined by

w—r (1 - v 4 (1.1)
=] - T v, .

where Iv is the émergent intensity at frequency v and Ic is

the emergent intensity in the nearby continuum. (The normal



procedure of placing the zero of frequency at the line
center and integrating from -« instead of Vs has been fol-
lowed.) A mathematical relationship expressing equivalent
-width as a function of the amount of absorbing material is
called a curve of growth. Several curves of growth exist
based on different assumptions about the absorption coeffi~

cient and method of line formation.

Reflecting Layer Model

A simple reflecting layer model has been used
extensively to interpret planetary spectroscopic measure-
ments. An absorbing but non-scattering atmosphere is
assumed to lie above a reflecting surface which may be
either the planet's surface or a cloudy layer. The inci-
dent solar beam traverses the atmosphere, is reflected at
the surface, and passes back through the atmosphere to the

observer. The equivalent width can be written
o (-M’kx. _)
w=f [1-e 2V% 74y, (1.2)
00

where Mé is the mass of absorbing material per cm? along the
path and kva is the mass absorption coefficient in cmz/gm.
M; is related to the mass of absorbing material per em? in a

vertical column, M_, by the expression M; = Ma(l/uS + 1/uo)

a,
where Mg is the coslne of the zenith angle of the sun and L



is the cosine of the zenith angle in the direction of the
emergent radiation. The product Makva is called the
absorption optical depth, Toa’ of the atmosphere. At the
temperatures and pressures of line formation in planetary
atmospheres, the absorptién cbefficient will usually have
a Lorentz shape given by

. SaL

= 5 (1.3)

va 2 2
m(wv +aL)

Here S represgnts the line strength, {: kvadv, and Oy, is the
Lorentz half-width. Ladenburg and Reiche (1913) have shown
that the equivalent width can be expressed in terms of
Bessel functions. If the optical distance traversed at line

center, To» is given by

T, = Mé S/ﬂaL s (1.4)

the expression for equivalent width, W, developed by
Ladenburg and Reiche becomes, in the l1limit of strong lines

when T, > 1,
’
W 2/Ma SaL . (1.5)

This is called the square-root law regime. In the weak line
limit when T, << 1, the Ladenburg and Reiche expression for

equivalent width becomes



w~m'as . (1.6)

This is the linear law regime and can be derived independent
of any assumption about absorption line shape because when

' .
Makva << 1 equation 1.2 becomes

ij [1 - (1 - Mk )ldv = M 5 . (1.7)

AN
If measurements of equivalent widths in both the weak and
strong line 1limits are possible, the amount of absorbing
material can be determined from the measured equivalent
width of a weak line of known strength uéing equation 1.6
and, using this value of amount, the half-width can be
determined from the measured equivalent width of a strong
line using equation 1.5. The half-width is proportional to
the mean pressure of line formation; the pressure at the
reflecting surface is usually assumed to be double the mean
pressure of line formation.

The advantages of using the reflecting-layer theory
are the simple form the relationship takes in the 1limiting
cases and the availability of tables and diagrams of the
curve of growth for intermediate values of To (Goody, 1964).
A measurement of equivalent width gives directly the amount

of absorbing material along the observed path.



The large majority of planetary spectroscopic data
have been interpreted using the reflecting layer model.
Sinton (1964) provides a table of "gases found spectro-
scopically on the planets" and includes references on the
amount of each gas detected.  Moroz (1968) discusses similar
material. The. currently accepted estimates of the amount of
carbon dioxide and water vapor on Mars come from analyses of
spectroscopic measurements interpreted using the simple
reflecting layer model (Kaplan, Minch, and Spinrad, 1964;
Owen, 1966; and Belton and Hunten, 1966). For a very thin
non-cloudy atmosphere the reflecting layer theory seems to
be adequate. Mercury and Mars apparently are in this
category, but Venus and the major plaﬁets (Jupiter, Saturn,
Uranus, and Neptune) all have thick cloudy atmospheres.

Only if the clouds act as a highly reflective layer with
little penetration, are the assumptions of the reflecting
layer theory appropriate.

Venus, becéuse ofvher relative proximity to the
earth, has been most extensively studied. The reflecting
layer theory has been widely used to determine the amounts
of gases and the pressure at the'top‘of the clouds. The
mean rotational temperatufe above the clouds has been es-
timated from meaéurements of the variation of equivalent
width with rotational level for observation of several

absorption lines all in the same vibration-rotation band
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(Chamberlain and Kuiper, 1956). A survey of review articles
on Venus reveals a wide range of values for the amount of
carbon dioxide énd for temperature and pressure at the cloud
tops (Opik, 1962; Sagan, 1962; Sagén and Kellogg, 1963;
Brooks, 1967; Moroz, 1968). A table in Rea (1962) gives a
range of estimates for CO, amounts of from 2 x 103 to

2 x 10° atm-cm. Many of these different values come from
observations at different wavelengths, but Kuiper (1963)
also found temporal and spatial variation of equivalent
width at the same wavelength. Spinrad (1962) and Kulper
(1963) both concluded that about 2 x 10° atm-cm of CO, lies
above the reflecting clouds and this value is most commonly
accepted.

The confusion over the interpretation of spectro-
scopictdata has also contribqﬁed to the disagreement on the
composition of the clouds on Venus (Sagan and Pollack,bl967;
Rea and O'Leary, 1968; Pollack and Sagan, 1968).

Tﬁe reflecting layer theory predicts that the
equivalent width of an absorption band will increase with
planetary phase. (The phase of a planet is the angle be-
tween lines drawn from the sun to the planet and from the
planet to the observer.) Chamberlain and Kuiper (1956) pre-
sent observations of Venus. for which stronger absorption
occurs at smaller phase angles, a variation in the opposite

sense to that predicted by equations 1.5 and 1.6.
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In spite of a phase variation in the wrong sense and
the inconsistencies among different observations, values
from the reflecting layer model are widely used. Connes, et
al. (1967) have interpreted their detection of HCl and HF on
Venus using the reflecting layer model. The values given by
Moroz (1968) for the amount of hydrogen, methane, and
nitrous oxide on Venus and the abundance of various gases
on the major planets are all based primarily on measurements

interpreted using a reflecting layer model.

Scattering Models

Because of the problems and inconsistencies result-
ing from use of the simple reflecting layer theory there has
been considerable interest in developing better models of
absorption line formation for thick cloudy atmospheres.
Even before these problems became so apparent, radiative
transfer theory was ﬁeing used to describe radiation re-
flected by planetary atmospheres. When the mass scattering
coefficient is constant the scattering optical depth of an

atmosphere at freduency V, is given by the product of

Tus?
the mass of scattering material per cm? in a vertical

column, Ms’ and the mass scattering coefficient, kvs' The
total optical depth in the vertical, Tyl? is the sum of the

absorption and scattering optical depths.



In one of the earllest studies of a scattering and
absorbing atmosphere van de Hulst (1948) derived expressions
for the intensity of light reflected from and transmitted
through a planetary atmosphere. He assumed that the scat-
tering was isotropic and that the mass absorption and
scattering coefficients at frequency v were constant. The
solution is based on an approximation to Chandrasekhar's
(1960) X and Y functions and is valid for small optical
depths (Tvl <<’'1l). Provision was also made'to add the
effects of Lambert ground reflection,

' Van de Hulst and Irvine (1962) proposed a theory
based on the "method of successive scattering" that gives
the reflected intensity across an absorption line or band.
This method was further developed in a series of papers by
Irvine (1964, 1966, 1968a). The procedure involves an |
assumption that the absorption process can be separated from
the radiative transfer aspects of the problem. The numeri-
cal procedure uses a great deal of computer time, and the
method cannot be applied to an atmosphere in which the mass
absorption coefficient is vertically variable.

Chamberlain and Kuiper (1956) pointed out that for
Venus the variation of the equivalent width of CO, absorp-
tion lines with planetary phase implied that there was

considerable penetration of sunlight below the cloud top and



10
and that absorption by CO2 in the clouds waé more important
than that above them. Therefore, a model of line formation
must take into account the multiple-scattering nature of the
.region where most of the absorption takes place; such a
model was developed by Chamberlain (1965). He assumed that
the scattering particles and absorbing gas were uniformly
mixed. Because very little was known about the nature of
the scatterers or the structure of the atmosphere, he
treated the transfer equation "in the simplest and crudest
possible way." The scatterers were assumed to have an iso-
tropic scattering phase function and solutions to the trans-
fer equation were taken to be those that apply for a semi-
infinite atmosphere. The absorption coefficient was
evaluated from conditions existing at the mean depth of line
formation, so that for any individual line the atmosphere
was considered to be homogeneous. The vertical inhomoge-
neity of the atmosphere was partially accounted for by
allowing different lines in a band and different bands to
be formed at different mean depths. Because of the large
number of assumptlions made during the procedure the values
calculated for the number of absorbing molecules varied
widely. Nevertheless, the multiple-scattering mechanism for
producing C0, bands on Venus is supported by observations of
the variation of equivalent width with planetary phase, the

variation of absorption across the planetary disk, the

/



11
relative equivalent widths in different bands, and the
variation of equivalent width with isotopic ratios.

An atmosphere containing only molecular scatterers
is called homogeneous if the albedo for single scattering
A(ratio of the differentials of scattering optical depth and
total optical depth at a given height).is a constant. An
atmosphere in which the ratio of absorbers to scatterers
changes with height would be vertically inhomogeneous, but
even a well-mixed atmosphere would probably be.inhomogeneous
in the vertical because the absorption coefficient is nor-
mally a function of temperature and pressure and they change
with height. Chamberlain and McElroy (1966) extended
Chamberlain's (1965) model and considered an atmosphere in
which the albedo for single scattering decreased exponen-
tially with optical distance from the top. They reduced the
inhomogeneous problem to an equivalent homogeneous one by
finding an effecfive albedo, and corresponding effective
optical depth, such that the H-functions, (Chandrasekhar,
1960) which are defined only for a homogeneous atmosphere,
"satisfactorily" represented the solution to the inhomoge-

neous transfer equation for the reflected light. Because

they did not derive a solution as a function of optical
depth they could not determine a mean depth of line forma-

tion or the number of absorbing molecules.
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Goldstein (1960) discussed an inhomogeneous model in
which the absorption optical depth was much greater than the
scattering optical depth. Such a model could be useful near
the centers of strong lines. In this model only the first
few orders of scattering need to be considered and the re-
flected intensity was given as the sum of the first two.
Absorption was accounted for by calculating a properly
weighted mean albedo for both orders of scattering. TFor
higher orders of scattering these averages 5ecome increas-
ingly complicated. It is still not clear in either
Goldstein's or Chamberlain and McElroy's treatments that a
homogeneous solution can be properly modified for applica-
tion to an inhomogeneous atmosphere.

The theory of line formation on Venus as developed
by Chamberlain (1965) was for a semi-infinite, isotropic
scattering, homogeneous atmosphere. The method he outlined
for determining chemical abundance was indirect, applicable
primarily to weak lines, and imprecise because of the many
assumptions made about the atmosphere. Belton (1968) de-
rived a curve of gréwth for lines formed in a semi-~infinite
homogeneous atmosphere. The scattering was assumed to be
isotropic, and the absorption line was assumed to have a
pressure-broadened Lorentz shape. Belton showed that the

equivalent width can be written in the form
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W = 2naLBL(T0,uO,uS,wC) (1.8)

where

mcSMo

o - 2naL 3 (1.9)

Ty is the optical depth at the line center corresponding to
the mean depth penetrated by a phdton traversing a mean free
‘path in the atmosphere. The half-width of the Lorentz pro-
file at the mean level of line formation is Ops Mg and Mg
are the cosines of the zenith angles of observation and
solar incidence, S 1s the integrated absorption cross sec-
tion per gm of absorbing material or the strength of the
line, W, is the albedo for single scattering in the continu-
um, and Mo is the mass of abéorbing gas above the mean depth
of penetration, also called the specific amount of absorbing
gas. For a given geometry and continuum albedo, BL is a
function of To.only and is analogous to the Ladenburg-Reiche
function for the reflecting layer model. For weak lines,

when T << (1 - wc), 1t 1s shown that the equivalent width

follows a linear law,

W MOchn(uo,uS,wc) . (1.10)

The function n(uo,us,wc) specifies the phase effect for weak

lines., In the strong line limit, when T > @ the equivalent
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width becomes

W= VUchaLMO ZB(uo,us,wc) s (1.11)

.where ZB(uo,us,wC) specifies the phase effect. For strong
lines the equivalent width is proportional to the square
root of the product of the specific amount of absorbing gas
and the pressure. This dependence for saturated lines is
shown to be a result of using the Lorentz profile and 1s in-
dependent of the scattering model. The asymptotic regions
follow the same laws as in the non-scattering problem. A
major difference, however, is that the scattering model
produces an extended transition region in which the equiva-
lent widths of unsaturated lines of medium strength follow
roughly a squafe—root behavior. ‘This is because scattering
produces longer paths enhancing the wings of a line and
causing them to dominate the total absorption in the line
before the center is completely blacked out. The phase
effect for strong.and weak lines is given by different func-
tiqns, the variation being smaller for stronger lines.

Using this model Belton re-interprets the spectral data for
Venus and concludes thét the atmosphere near the cloud tops
is best represented by a pressure of 200 mb and a tempera-
ture of 240-270°K. The specific amounts of the various

constituents at this level are given with an uncertainty of
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a factor of 2. They are CO,, 2 x 10* atm-cm; Hp,O, 2 atm-cm;
€O, 2-6 atm-em; HCL, 2 x 10-2 atm-cm, and HF, 2-6 x 10-*
atm-cm. Connes, et al. (1967) derived pressures 2 to 3
times smaller and abundances of HCl and HF an order of mag-
nitude smallef using the reflécting layer theory.

A difficulty encountered when using the scattering
model is that the intérpretation of ali data depends on
knowing the continuum albedo for Venus at the proper wave-
lengths. The results are sensitive to smali changes in the
value of the albedo for single scattering in the continuum,
W, . The reason for'this is that in.a semi-infinite atmo-
sphere all light contributing to the emergent beam in the
continuum can be considered to have undergone less than
(1 - wc)"1 scatterings because (1 - wc) is the probability
that a photoh will be abosrbed rather than scattered by
cloud particles. The closer w, is to 1 the greater the mean
free path in the continuum; however, for intense scattering

the mean depth of penetration may be small even for w, very

c
close to 1. One major inconsistency was found with this
scattering model; the observed phase variation for lines in
a strong CO, band was much greater than bredicted. Among
the suggested reasons for this disagreement are anisotropic

scattering, finite cloud thickness, and vertical inhomoge-

neity.
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Method of Synthetic Spectra

All of the models discussed so far have been con-
cerned with translating observed equivalent widths and half—
widths into pressures and amounts. A completely different
approach for interpreting spectral data has been proposed
and used by Bélton, Hunten, and Goody (1968). They compared
high resolution spectra of absorption bands with synthetic
spectra. Certain conditions were assumed to exist in the
'atmosphere of Venus, and using radiative transfer theory a
synthetic spectrum, which is the calculated variation of
intensity as a function of frequency across an absorption
band, can be produced. By making proper assumptions about
the atmosphere and allowing for instrumental effects it
should be poséible to produce a synthetic spectrum identical
to the observed spectrum. When this occurs and if no other
model atmosphere produces the saﬁe synthetic spectrum the
observed atmosphere can be assumed to>have the structure of
the model.

To illustrate the application of this method,
several CO, bénds and water vapor lines in the Venus spec~-
trum were compared to synthetic spectra. The relatively
simple radiative-transfer theory of line formation for a
semi-infinite, homogeneous, isotropically scattering model
atmosphere was used. The absorption coefficient was assumed

to have a Lorentz shape using the mean pressure of line
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formation to evaluate the half-width; an allowance was
included for the overlapping of neighboring lines in the
molecular vibration-rotation band. For the particular geom-
etry of the observations it was possible to produce syn-
thetie spectra. By changing the pressure, temperature, and
specific amount of absorbing gas, best fits to the observed
Venus spectra were obtained. The best-fit values were
temperature, 270 * 25°K, pressure 50-200 mb, specific amount
of €Oz, 3.5 x 10" atm-cm, and specific amount of H,0, 4
atm-cm.

One of the greatest advantages ﬁhat accrues from a
study of synthetic spectra is'an understanding of how the
shape and properties of individual absorption lines are
related to the physical characteristics of the atmosphere.

- Belton, Hunten, and Goody showed that the half-width of
observed lines is larger than that of the absorption coef-
ficient. Also, the wings are tremendously enhanced so that
appreciable absorption takes place many half-widths from the
centers of the lines. This great enhancement is partially
dependent on the value assumed for the continuum albedo, W, >
because in a semi-infinite atmosphere the reflected inten-
sity increases as Wy approaches 1. The eﬁhancement of the
wings is a direct result of using a scattering model.
Synthetic spectra revealed that observed lines are sensitive

to changes in the prodﬁct of abundance and pressure, When
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this product was left unchanged, even if pressure and
specific amount were varied, the line profile was almost
unchanged; only the very center became slightly deeper as
specific amount was increased. It was also shown that
lines are deeper at all frequencies and have larger half-
widths as the angles of incidence and observation become
more vertical. Therefore, the longest average path lengths
occur for vertically incident and reflected light.

In discussing the weaknesses of their model, Belton,
Hunten, and Goody mention the assumption of isotropilc
scattering. Potter (1969) calculated the ratio of emergent
intensity at frequency v to emergent intensity in the con-
tinuum as a function of the ratio of absorption coefficient
at frequency v fo scattering coefficient using a thick
(essentially semi—infinite) homogeneous model atmosphere in
which the scattering was highly anisotropic and corresponded
to scattering‘by cloud particles. 'A comparison of his re-
sults with those of Belton, Hunten, and Goody indicated that
the appearance of the syntﬁetic spectrum would be the same
for a cloudy atmosphere as for the isotropic model, although
the interpretation of the data was altered. For the angles
of the observations considered, the abundance determined
from the cloud model was apout 1/6 the amount determined

using isotropic scattering, or conversely the scattering
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coefficlent for the cloud was 6 times larger. The conclu-
sions about temperature and pressure were not changed.

A major deficiency in the model, mentioned by both
Potter and Belton, Hunten, and Goody, 1s the homogeneous
assumption. As hés‘been pointed out previously, even a
well-mixed atmosphere would be vertically inhomogeneous in
this context because of the variation of the absorption.
coefficient due to pressure and temberature broadening. One
of the major objectives in this present work is to examine
an inhomogeneous model atmosphere and compare the results
with a homogeneous model. Also, synthetic spectra will be
produced for several inhomogenecous atmospheric models to
determine how specified changes in gtmospheric structure
affect absorption line profiles in a reflected spectrum.

Synthetic absorption lines will be produced by
solving the radiative transfer equation at several wave-
lengths across an absorption line from the center to the
wing. The method used to solve the transfer equation wlll
be discussed in Chapter II. It involves dividing the
atmosphere into many layers of small optical thickness. The
scatterers are assumed fo be molecular or very small parti-
cles so that Rayleigh's scattering phase function can be
used. The scattering optical depth of each layer, ATS, can
be evaluated if thé density of scatterers and the frequency

at line center are known. The absorption coefficient is
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assumed to have a Voigt profile; it can be evaluated at each
level in the atmosphere if a temperature, pressure, and type
of absorbing gas are assumed for that layer. The absorption
optical thickness of each layer at a particular frequency v,
ATva, is the product of the absorptiop coefficient at that
frequency and the amount of absorbing gas in the layer. The
albedo for single scattering, which is the parameter that
appears in the radiative-transfer equation, is calculated
using the relationship

ATS

W, = ——— (1.12)
Y ATS+ATva

and w, may be different in each layer. A complete discus-
sion of the determination of w, will be given 1in Chapter
ITTI. When the albedo at each level has been determined
based on the assumed structure of the atmosphere, the
radiative-transfer equation is numerically solved, giving
the reflected (and trahsmitted) intensities at several
angles. In this work all of the discussion will be con-
cerned with synthetic absorptidn lines in reflected sun-
light. It shquld be pointed out that the transfer equation
is solved at a particular frequency, not for an average over
a frequency interval. Tﬁe absorption_line profile for given
angles of incident sunlight and observation is then drawn by
connecting plotted values of Iv/Ic at eachvfrequency. The:
numerically calculated intensity at a frequency far out in

the wings is used for Ic'
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Because the transfer equation must be solved at
least 15 to 20 timés'for each profile, it is necessary to
use a method that is numerically fast. The efforts of
Chamberlain and McElroy (1966) to modify the H-functions of
Chandrasekhar (1960) for application to an inhomogeneous
atmosphere were not promising, particulafly if the value of
w,, is not simply related to optical depth, Tye Other
methods that have been used for thick or semi-infinite
atmospheres are time consuming and in mahy dases limited to
homogeneous atmospheres. Therefore, it does not appear
feasible at present to develop a method directly applicable
to spectra reflected in thick planetary atmospheres., For
that problem the present work should be regarded only as an
indicator of some of the differences between a homogeneous
model and an inhomogeneous atmosphere. The main interest
will be on discovering what parameﬁers are important in
determining the shape of spectral lines by examining molec-
ular atmospheres of small to moderate optical thickness.
By systematically lncreasing the thickness of the model
atmosphere up to Ty = 2 and keeping in mind the general
conclusions of Belton, Hunten, and Goody (1968), it may be
possible to infer what happens in very thick atmospheres.

The methéd of solution of the transfer equation used
in this work is suitable for describing the intensity of

sunlight reflected by the earth's atmosphere in regions
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where aerosols can be neglected and there are no clouds. It
has been used previously by Dave and Furukawa (1966) to de-
rive the intensity and polarization of sunlight reflected
from and transmitted through the earth's atmosphere at
ultraviolet wavelengths where ozone absorption is important.
In that case the vertical distribution of ozone causes the
atmosphere to be inhomogenéous. Since the scattering model
in this present stuéy could be applied to the earth, it was
decided to use the earth as the basis for specifying the
atmospheric strucfure of the model. The structure was
chosen to preserve as many analogies as possible with
planetary atmospheres. The model developed here produces
synthetic spectra that correspond to terrestrial spectra
observed from another planet or from a satellite, and it can
predict how changes in the amounts or vertical distribution
of absorbing gases affect the disposition of solar energy
in the earﬁh's atmosphefe; Synthetic spectra in diffusely
transmitted sunlight although not studied in this disserta-
tion can be produced using the model. Development of an
appropriate spectroscopic observing system could enable one
to measure amounts of ﬁollutants in the atmosphere. If the
synthetic spectré show detectable variations with the
various parameters of atmospheric structure, it may also be
possible to use measurements of diffusely transmitted sun-

light for indirect atmospheric sounding.
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In summary, observations indicate that scattering
models must be used to interpret planetary spectra. In
previous research a curve of growth based on a semi-
infinite, homogeneous,'isotropically scattering model
- atmosphere has been developed which gives the specific
amount of absorbing material ébove a corresponding tempera-
ture and pressure level. Also in previous research
temperature, pressure, and specific amounts have been evalu-
ated using synthetic spectra produceq in homogeneous semi-
infinite atmospheres with both isotropic and cloud
scattering. But planetary atmospheres are inhomogeneous;
therefore one of the goals in this study is to determine how
changes in the absorption coefficient profile with height
affect the shape of absorption lines in sunlight reflected
by a planetary atmosphere. Other major objectives are to
gain anlunderstanding of the process of line formation in a
Rayleigh scattering atmosphere and to illustrate that mea-
surements of absorption profiles in sunlight scattered by
the earth's étmosphere may be useful in determining atmo-

spheric structure parameters.



CHAPTER IT
THE RADIATIVE TRANSFER PROBLEM

The processes of diffuse reflection, transmission,
and absorption of solar radiation are of great importance in
both planetary and terrestrial physics and consequently have
been the subject of many theoretical studies. The equation
describing these processes is called the radiative transfer
equation. The same equation presents iftself in describing
other physical processes, most notably the diffusion of fast
neutrons (Davidson, 1957). From among the available methods
for solving the radiative transfer equation, it was neces- .
sary to find one that was numerically fast and applicable
to an inhomogeneous atmosphere. Chandrasekhar (1960, p.
265) has shown that the results for total intensity are in-
correct if the polarization or veétor nature of radiation
is ignored; therefore, scalar methods are not suitable. A
method applicable to semi-infinite or thick atmospheres
would be most desirable to ascertain conditions for plane-
tary atmospheres, but both of the methods that have been
developed in vector form have deficiencies that seem to be
insurmountable. It has already been pointed out that the
H-functions of Chandrasekhar are valid only for homogeneous

24
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atmospheres. The doubling method developed by van de Hulst
(1963) or the equivalent addition of layers method developed
by Twomey, Jacobowitz, and Howell (1966) has been used for
thick planetary atmospheres by Irvine (1968a, 1968b), Hansen
(1969), and Potter (1969). This method loses its advantage
of computational speed when the atmosphere is inhomogeneous
because the large layers that woﬁld‘be combined must be
separately built up from very thin layers. Therefore, no
presently available procedure was found that reasonably
modeled a thick inhomogeneous atmosphere. Since the inhomo-
geneous assumption is crucial in this dissertation, the
decision was made to eliminate the requirement that the
atmosphere be optically thick, forfeiting direct applica-
bility to the atmospheres of Venus and the major planets.

The direction of propagation of a beam of radiation
can be specified by its azimuth angle, ¢, referred to an
arbitrary vertical plane (usually, the vertical plane con-
taining the sun) and the cosine of its zenith angle, u. The
scattering phase matrix P (u,¢,u’ ,¢’) specifies the angular
distribution of the Stokes polarizatioh parameters of the
radiation scattered into the direction (ﬁ;¢) due to a unit
mass illuminated by radiation from the direction (u,9').
For atmospheres of small to moderate scattering optical
depth, a numerical solution to the transfer equation has

been developed by Herman and Browning (1965). This solution
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can be applied to problems with an arbitrary scattering
phase matrix and to vertically inhomogeneous atmospheres.
Because the computational time increases very rapidly with
scattering optical depth, it is not practical to make many
calculations usingvthis method when Ty is greater than
about 1. Otherwise, the procedure is applicable to almost
any realistic terrestrial radiative transfer situation. If
only molecular or Rayleigh scattering is permitted a con-
siderable savings in computational time éan.be achieved by
using the auxiliary equation method developed by Sekera
(1963) and Dave (1964). If scattering by cloud and dust
particles is ignored, the terrestrial atmosphere can be
considered to be a Rayleigh scattering atmosphere. Since
the primary purpose in this study is to examine absorption
lines formed in a scattering atmosphere, the particular
phase matrix used was considered of secondary importance.
Therefore, the auxiliary equation method was used to solve
the radiative transfer equation. Later refinements of the
model could use the Herman and Browning computational scheme
to assess the'effécts of different scattering phase func-
tions.

Auxiliary Equation Method

The auxiliary equation as presented by Dave (1964)

was originally programmed for an atmosphere without surface
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reflection by Herman and Browning. The present author, also
following the theory given by Dave, modified that program to
include the effects of a partially reflecting lower surface.
This modified program was used to numerically solve the
radiative transfer equation at each frequency. Since the
equation has the same form at all frequencies, the notation
for the frequency dependence of the variables with a sub-
script v will be suppressed throughout the remainder of
Chapter II. The derivation need not be repeated in detail
here, but the procedure will be outlined and several rele-
vant features elucidated. The theory is developed for a
plane-parallel horizontally homogeneous atmosphere; these
assumptions are appropriate at this state in the development
of the model. Planetary atmospheres including the earth
generally have temperatures low enough that emission of
radiation at visible wavelengths can be neglected. The
Stokes polarization parameters describe the radiation field
(Chandrasekhar, 1960) and can be represented by a four
element column matrix of intensity, I. This intensity can
be expressed in terms of the integration of an attenuated
source function vector, J, over optical depth. The solution
for the diffuse field, in the absence of incident diffuse

light, is given by
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_I_(Ts"llds(bo:“‘us,q)s)

T =(t-t)/u,
I e I(t,-ngsd 51y s0 Jw(t)dt (2.1)
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for downward radiation, and

.];'(T’uo>¢05“usa¢s)

Tl —(t"T)/uo
[ e T(E 1y s 5=ty 50 du(t)dt (2.2)
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for upward radiation. The optical depth at which the inten-
sity is calculated is represented by 1, the total optical
thickness of the atmosphere by Ti. M is the cosine of the
zenith angle and ¢s is the azimuth angle in the direction of
the incident solar beam. g is the cosine of the zenith
angle andquo is the azimuth angle in the direction of the
observed radiation. The single-scattering albedo w(t) which
specifies the relationship between absorption and scattering
is vertically variable and hence dependent on optical depth.
A method for specifying w(t) will be developed in Chapter
III. The source fupction, J, is evaluated at each level, t,
and the diffusely reflected intensity matrix can be found by
integrating equation 2.2 for 7 = 0. The diffusely trans-

mitted Stokes parameters can be evaluated by integration of
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equation 2.1 with 1 = T,. For an atmosphere illuminated by
a solar beam incident at the top, the source function, J, at
each level is made up of two parts, the scattering of the
attenuated direct solar beam and the mulfiple scattering of
diffuse light.

-1/ p
T(Tsugs0,-Hgs0 ) = RR(H 0 5=ug,0) = Fe P

1 1 2m '
+ Tr J I E(Uo,¢o,u,¢) . E(T’“’¢’"“s’¢s)d“d¢ , (2.3)

0

where F is the Stokes parameters for the direct solar beam,
F=1(,%, 0, 0), and P is the scattering phase matrix. (In
the method of Herman and Browning equation 2.3 is substi-
tuted for J in equations 2.1 and 2.2 giving an expression
for I in terms of I itself. This equation is solved itera-
tively working down the atmosphere and then back up again
until the values of I converge. The mean value of the
Stokes parametefs over each interval of solid angle (Au,Ad)
are defined at every level, and these values are used to
perform numerically the double integration over solid angle.
The repeated calculation of this double integral for all
solid angles at each level can be a time consuming process.)
The auxiliary equation is produced by substituting into

equation 2.3 the appropriate expression for 1 from equations

2.1 and 2.2. (This is accomplished by dividing the integral
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over U into two parts, one for positive u, and one for
negative u.) The resultant expression of the auxiliary
equation gives the source function, J, in terms of the
‘incident solar flux, F, the scattering phase matrix, P, and
J itself.

The phase matrix for Rayleigh scattering is given
by Chandrasekhar (1960, p. 42). Two important properties
are immediately obvious. The only non-zero element in row 4
and column 4 is Pus; therefore, the I, parameter is inde-
pendent of Ii, I, and Iz. Since Fy, is zero in the incident
solar beam I, is always zero. The I and J vectors can be
assumed to have only three elements énd P can be reduced to
a 3 x 3 matrix. Chandrasekhar writes the Rayleigh phase
matrix as the sum of thevfirst three terms of a Fourier
series in (¢ - ¢o). If J is also written as the sum of
Fourier elements, and if the integral of P+J over d¢ is
performed in the auxiliary equation, then, because of the
orthogonality relationship, J can be expressed as the sum of

just three Fourier terms,

1(T3u03¢03_us:¢s) = i(p) (T,UO,—MS) + i(l) (T,UO,-US,¢S—¢O)

+ Q(Z) [T:uo:_us,2(¢s - ¢O)] [} (2.“)

where each of these new matrices is independent of the other

two and satisfies its own auxiliary equation.
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These three new equations are solved by lteration;

th

that is, the n—lSt approximation to the 1 Fourier compo-

nent of the source function, Qéii is used on the right hand

side to evaluate a new gél). The initial approximation,

gél), is taken as the scattering of the attenuated solar
beam. Because of the unique properties of the Rayleigh
scattering matrix, the azimuth dependent Fourier components

of the nth approximation to the source function, {él) and

géQ) can be written

Qéi)[T,uO,

—Hs,i(¢s - ¢O)]

= 12y ,-u 16, - 007+ B P () (2.5)

where Jél)(T,—us) are scalars and must satisfy the iterative

equation

. -t/ T . .
Jél)(r,—us) =e 54 I Jéi% (t,—uS)Kil)(|T—t|)w(t)dt .

0
(2.6)
The expressions for Kii) are
kD (6) = FIB,, (6) + By o(8) - 2B, (£)] (2.7)
and
k$2) (£) = 3 [E. . (5) + 2E..(t) + Eyo(t)] (2.8)
1 T6-711 i3 i5 > :
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where Eij(t) is the standard exponential integral,
B, (t) = fl et/ -1 du (2.9)
i 0 T )
The azimuth independent term is slightly more complicated
because the product of 2(0)(UO:U)'£(O)(U>‘US) can only be
reduced to a 2 x 2 symmetrical matrix. Nevertheless, the

th (0)

n approximation to J can be written again in a form in

i(0)

n has been factored out,

which the uo—dependence of
(0) = 3 . — .

Io7 (tougs-ug) = 3gMu )« Z(t,-ug) « M(ug) « F,  (2.10)

where

(2.11)

u? /2(1-p?)
M(u) =

1 0.

and M+(u) is the transpose of M(u). én(T,—uS) must satisfy

the iterative matrix equation

~T/uo 1 0 . T,
Z (t,-u,) =e + I Ky (Jr=t])-2, _; (t,-udw(t)at
0 1 0
(2.12)
where ﬁl(t), expressed in terms of exponential integrals, is

glven by

VolE; 3(£)-Ey5(t)]  2[Eyy ($)-2E, 5(£)+E; £ (¢)]

(2.13)
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What has been accomplished in this: The six equations that
must be solved by iteration involve only a single integra-
tion over optical depth to determine Jél), and Jé2), and
the four elements of gn at each level. (By comparison the
method of Herman and Browning involves a double integral for
N x I Stokes parameters at each level, where N and I are the
numbers of u- and ¢- intervals, respectively.) |

The following steps are followed in solving the
transfer equation numerically using the auxiliary equation
method:

1) The étmosphére is assumed to consist of N layers
of equal total optical thickness, At. The properties of
each layer are represented by the values of the variables at
thg mid—poinf of the layer, or in some cases by the average
of the values at the top and bottom of the layer. Using
layers of equa} bpfical depth is not only a normal choice
but it limits the number of possible values of the argument
of the Kl's in the iteration equations. _For if all the
layers have the same optical thickness, lr—t| always equals
an integer, &, times At. For example, layers 5 and 10 are
separated by an optical thickness 5At, but so are layers 6
and 11, and layers 106 and 111, etc. Since the values of
the Kl's are neéded many times for the same N values of
|t-t]| they canvbe determined before the iteration equations

are numerically solved.
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2) A converging series is used to evaluate Eil(zAT)
for & = 1 to N (Chandrasekhar, 1960, p. 374, Eq. 8 and 11).
Using the recursion formulae for exponential integrals the
values of Ei3(2AT) and EiS(QAT) and then the Kii)(ZAT) are
determined using equations 2.7, 2.8 and 2.13.
3) For one particular solar zenith angle equations

2.6 and 2.12 in finite difference form are solved by itera-

(1) (2)
n °? Jn

tion for the values of the six functions J , and L,
at every level. The iteration solution is considered cor-
rect when the change in all of these variables is less than
.000001 from their values after the previous iteration.
(These variables have typical values of the order of 0.1

to 1.) Two solar zenith angles were used during the course
of this present work, es = 25° and 75°. Dave has shown that
the number of iterations is equal to the highest order of
scattering considered.

4) Using equations 2.5 and 2.10 the Fourier compo-
nents of the source‘matrix are evaluated at those angles for
which one wishes to calculate the intensity. In all calcu-
lations reported here the set of zenith angles of observa-
tion used is 6 = 5°, 15°, 25°, 35°, 450, 550, 65°, 75°,
and 85° and ¢o = 0°, 30°, 60°, 90°, 120°, 150°, 180°. (The
intensity at azimuth angles between 180° and 360° is given

in terms of these ¢O's because the solution is symmetric

about the plane of the sun, L3 = 0.)
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5) The source matrix at each level and at each
angle 1s then obtained by matrix addition of the three
Fourier components, equation 2.4.

6) Finally the reflected intensity out the top of
the atmosphere'at each angle is determined by a numerical
integration of the finite-difference form of equation 2.2
for 7 = 0.

The transfer equation has then been solved for an
inhomogeneous atmosphere of total optical tﬁickness T1,
illuminated by a direct solar beam‘in the direction —us,¢s.
Other quantities that can be calculated from the source
matrix produced at step 5 include the diffusely transmitted
radiation at the ground and the Stokes parameters of inten—‘
sity at any level in the atmosphere. The total intensity,
I, is given in terms of the elements of the Stokes polariza-
tion vector, I, by the sum Il + I2, and the degree of
polarization by the expression [(Il —112)2 + 12]%/1 . The
upward and downward diffuse fluxes can be determined by
numerical integration of the normal components of total
intensity over solid angle; subtraction of these two gives

the net diffuse flux at that level.

Surface Reflection

For any atmosphere of finite optical thickness some

energy 1is directly and diffusely transmitted out the bottom.
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This radiation incident on the lower boundary is, in
general, partially reflected by the surface; therefore, a
calculation of the total diffuse reflection from a planet
_must include the effects of surface reflection. If all the
monochromatic radiation passing out of the lower boundary of
an atmosphere is absorbed at thé surface, the previously
discussed solution is valid. This assumption is made for
most of the results that‘will be presented. Even when there
is reflection by the planetary surface, the problem that has
already been solved is retained as part of the result be-
cause this solution applies to radiatidn that never reached
the lower boundary. The problem of ground reflection can be
treated separately if the upward intensity incident from
below is specified. The Stokes parameters for the complete
problem will be the sum of the Stokes parameters of the two
separate problems. The ground reflection solution, hoWever,
is dependent on the solar incidence problem because the
source of radiative energy that 1s reflected by the ground
is clearly the total flux out of the bottom of the atmo-
sphere.

The reflective properties of wvarious surface

matérials have been the subject of several experimental
studies including Coulson, Gray, and Bouricius (1966), and

Coulson (1966), who studied the reflective properties of
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several surface materials by measuring the total reflec-
tivity and polarization as a function of angle of incidence
of a beam of natural light at three wavelengths. Each
material displayed individual characteristics. The re-
flectivities ranged ffom near 0 in the case of black loam
to over 0.9 for white sand, and the polarizacions ranged
from 0 to 50 per cent. Chen and Rao (1968) and Rao and
Chen (1969) discussed the polarization features for desert
sand, white sand, soil, and water at three wavelengths for
natural and linearly polarized incident beams of light.
Water exhibits extremely wide variations in both polariza-
tion and reflectivity as‘a function of zenith angle. Using
a polarimeter mounted in an airplané Fernald, Herman and
Curran (1969) measured the degree of polarization for sun-
light reflected from desert terrain. The measured polariza-
tions ranged from 3 to 18 per cent and increased as the
scattering angle approached 90°. Because of the complexi-
ties of this problem and the immediate desire of only
evaluating the importance of including surface reflection,
a crude but mathematically simple approximation was used.

The surface is considered to reflect a fraction, R,
of the flux incident at the ground according to Lambert's
law; that is, the upward intensity at the lower boundary,

I

Lss is independent of direction and unpolariged, I =

g
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(31 I, 0). The development of the relevant equations

W

g> g’
for solving the radiative transfer problem for a Rayleigh
atmosphere illuminated from below by an isotropic total
intensity, Ig’ are given by Dave (1964). The incident
intensity and therefore the scattered intensities and source
functions are independent of azimuth. Again, because of
simplifications due to the form of the Rayleigh scattering
matrix, the uo—dependence in the iterative equation can be

th

factored out, so that the n approximation to the source

function can be written
3
%( = . 7% -
JE(t,n ) g I M(p ) Z¥(t, - T) | (2.14)

where Zg satisfies the iteration equation

T
2%(ty-1) = Z3(t,-1) + Iol Ky (Jr=t])e2k_;(r,-t)w(t)dt

(2.15)

The value of gg is calculated from the source matrix

¥ 1 (L1 g2m ~(t,-1)/u
_1'(T>“o) = Ir fo Jo B(ugst,,u59) + Lo dy dé
+1 (2w
+ %IF J—l JO Q(Uo;(bo,u,fb) . ;[_*(T,ll,(b)du d¢ (2.16)

with I¥ equal to 0, and gives
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L5(%) = i%iét)(Z>EiM;t)(t>j ' (2.11)
i2 I R
Zg is a two element colpmn matrix; therefore, only two func-
tions are needed to determine the solution to this ftransfer
problem. The values of the Stokes parameters in downward
and upward directions can be calculated from equations 2.1
and 2.2, respectively, with gﬁ substituted for J.

The scglar Ig in equation 2.1Y4 has been defined as
the total upward intensity at the bottom of the atmosphere;
it is.equal to 1/m times the fraction R of the total down-
ward flux incident on the surface. This downward flux at
the bottom of the atmosphere consists of three parts:

1) the attenuated direct solar flux, 2) the diffusely
transmitted flux due to the illumination of the atmosphere
by the sun without surface reflection, and 3) the diffuse
flux arising from the scattering of radiation incident from
the bottom of the atmosphere. The attenuated solar flux is
given by wusFe—Tl/us where F = F1 + F2. The diffuse fluxes
are determined by integration of the downward component of
total intensity at the lower surface, but if they are
expressed in terms of ;ﬂ and gﬁ it is possible to complete
the 1 and ¢ integration in terms of exponential integrals.

The diffuse flux due to radiation described by 2) is given
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by “F[gl(Tla'us) + gE(Tl’_uS)] = TFg;

3 T, ¥ 1
gltys-ug) = 3¢ «[o Glry-t) » 2 (ry-uJwlr)dr « M (u,) L

(2.18)

where

E. () V2[E,,(t) - E, ,(t)]
g(t) = 14 i2 lu (2.19)

EiE(t) 0

Similarly, the downward flux due to radiation described in

3) is given by ng[Sgl(Tl) + SgZ(Tl)] = ﬂIgSg;
3 [*1
§g - _B_J Q(Tl - T) . Z_;i('[l — T)w‘(T)dT . (2.20)

0

Using the definition of Ig for a surface of reflectivity, R,

Ig = F(ﬂus e - +vﬂFg + ﬂIgSg) (2.21)
or
—Tl/us
(us e + g)RF
I = . (2-22)
g (1 - RS,)

To include the effects of surface reflection the
computational procedure is altered in the following ways:
In step 2 (p. 34) the éxponential integrals Eiz(zAT) and
Eiu(RAT) are also evaluated and from them gg(QAT) and

G(2AT) are determined for & = 1 to N. After step 3 has been
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completed, additional calculations are made to evaluate the
two functions in the gﬁ matrix by iteration of equation 2.15
at each level using the same accuracy criteria specified in
step 3. Then the value of Ig is determined using equations
2.18 - 2.22. Added to step 4 is the calculation of J¥ using
equation 2.14. Rather than determining separate values of
I¥, the equivalent procedure of adding gg to in in step 5
is followed. The result of the integration in step 6 will
then give the Stokes parameters of radiation coming out of
the top of the atmosphere including sunlight diffusely
reflected before ever reaching the ground and diffusely
transmitted radiation entering the étmosphere at the ground
because of surface reflection. To obtainvthe Stokes param-
eters for radiation reflected from the atmosphere-planet
‘ -T,/u -Ty /M,

system the matrix (%—Ig e o, %Ig e , 0) must be
added to account for ground reflected radiation transmitted
directly through the atmosphere. The values of surface
reflectivity used in this work are 0.1, 0.25, and 0.75; the
value 0.25 1is frequently considered to be the global average.

For a scattering optical depth of 1.0, the auxiliary
equation method using 50 layers and including Lambert sur-
face reflection requires 24 iterations and about 35 seconds
on a CDC 6400 computer. The results are within 1% of those

given in tables (Coulson, Dave, and Sekera, 1960). The

solution at 15 frequencies, sufficient to define a line
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profile, takes about 10 minutes including evaluation of the
single-scattering albedo at each level. The amount of
computer time required to produce a solution at a single
frequency is roughly proportional to the square of the

number of layers if they all have the same optical depth.



CHAPTER III
THE SINGLE-SCATTERING ALBEDO

As radiation passes through a distance, ds, of the
atmosphere its specific intensity (or Stokes parameters) at
frequency v decfeases by an amount dIv which is proportional
to the incident intensity and the attenuation of the atmo-
sphere. The attenuation can be wriltten as the product of an
attenuation coefficient per unif mass, Kv’ and the mass per
unit cross—sectioﬁal area of attenuating material in the

~distance ds, so that
ar,, = -I,K,Pds (3.1)

where P is the density of attenuating material. This rela-

tiqn‘can be expressed in terms of height, 2z, since
dz = uds | (3.2)

where U is the cosine of the zenith angle in the direction

of the beam, then equation 3.1 becomes

I |
aIy, = - K,edz . (3.3)

It is customary to define the product X,Pdz as the differ-

ential total optical thickness, dT,,. The total optical

43
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depth of the atmosphere at frequency v is given by

=
Ty1 = IO Kvpdz . (3.%)
‘If several materials with different mass attenuation co-
efficients are present Kvp must be replaced by z vapj. Ir
the attenuation is due to several physical procgsses, the
mass attenuation coefficient can be written as the sum of
coefficients describing each process.,

The energy iost from an incident monochromatic beam
and that reappears at the same frequency in the same or any
other direction can be called scattered radiation; it has a
mass scattering coefficient, kvs' All other energy lost
from the incident beam will be called absorbed radiation and
assigned a mass absorption coefficient, kva‘ As in equa-
tion 3.3 the changes in intensity due to scattering and
absorption can be written
dz dz

dlys = ~TykygPg 3 and Al = Lok, 1= (3.5)

respectively. The differential scattering optical depth,

d is given by the product kvspsdz’ and the differential

T
vs?

absorption optical depth, dTva, is given by the product

kvapadz' For an incident beam traversing a differential

distance ds the albedo for single scattering, w is

\)’
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defined as the ratio of the energy lost from the beam
because of scattering to the total energy lost, so that

al Ivkvspsds k.o p dt

W - Vs - = NENE = VS . (3.6)

v dIv Ivapds Kvp at

Since the change in intensity and the differential total
optical depth can both be written as the sum of contribu-
tions due to scattering and absorption, the albedo for

single scattering is also expressed by

o = s L _Fuss - e 3
v dIvs+dIva kvsps+kvapa dT\)S+dT\)a
In general kva’ kvs’ P, and Py change with height

or with optical depth; therefore w, is a function of Ty it
is this variable wv(Tv) that must be specified for each
layer and used in the numerical solution to the radiative
transfer equation. The single-scattering albedo appears in
the iterative equations 2.6, 2.12, and 2.15, and in equa-
tions 2.1 and 2.2 which are used to evaluate the Stokes
parameters from the source functions. Using the method to

be developed in this chapter w_ is specified at the mid-

Y
point of each layer of the atmosphere. The total optical
depth, Ty1s must be determined by integration of equation
3.4, and the optical thickness of each layer 1s given by

At, = T,,/N, where N is the number of layers.
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At frequency v the mean value of w, for a layer of

small but finite optical thickness, ATv, can be calculated
by assuming that the mass scattering and absorption coeffi-

cients are constant within the layer. Then for layer, &,

] : - T
pr, (1) = Eo(E JZ pdz = T (OIAM (1)  (3.8)
) |
and
i Z
- o [ -
pry (1) = T JZ pdz = E (AN (2)  (3.9)
' b

where 2 and z, are the heights at the top and bottom of

‘b
layer %, and AMa(z) and AMS(z) represent the mass per unit
area of absorbing and scattering material within this layer.

Putting these values in equation 3.7 for dTv leads to

kvszz)AMS(l)

By = ' : (3.10)
R, (AN () + K, _(ZIAM, ()

Rayleigh Scattering Coefficient

In ordér to evaluate each of the quantities in
equation 3.10 assumptions must be made about the type and
distribution of tﬁe scattering and absorbing materials. It
has already been indicated that only Rayleigh scattering
will be considefed. The Rayleigh scattering coefficient is

typically expressed in terms of wavelength, A, but its value
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will be numerically the same whether it is expressed in
terms of wavelength or the corresponding frequency, v = c¢/A.
Therefore kvs equals kks' The mass scattering coefficient
for Rayleigh scattering as given by Chandrasekhar (1960,
p. 38) is
8'n3(n:?L—l)2
kXS = ~_§ZIE—;-_ s (3.11)
m
where ng is the index of refraction of the medium, Nm 1s the
number of molecules per unit volume, and p is the mass den-

sity. Since the index of refraction for gases is near 1,
2 _ 2 - - 2 S 2
(ni 1) [(ni + 1)(ni 1)] ll(ni 1)2 . (3.12)

Following Johnson (1954) the variation of the index of

refraction with density can be represented by

(ni - 1)

= C, (3.13)
p

where C is a constant, and equation 3.11 can be written
32w3(ni—1)2p 3278

Kyg = = c%m . (3.14)
3)\"p2Nm Y

In this expression m represents the mean mass of the scat-
tering molecules. Each different atmospheric gas has a

different C, and m changes with height if the atmosphere is
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not well-mixed. But Deirmendjian (1955) has shown that for
the earth, where the two major gases are well-mixed, mean
values of C and m give sufficiently accurate results. In
this study the small variation of C with wavelength is
neglected. For the atmosphere of a planet such as Venus
which apparently has only one major gaseous constituent,
there should also be no difficulty in using equation 3.14 to
determine the Rayleigh component of the.scattering coeffi-
cient. The numerical value of C for the eafth's atmosphere
was determined from conditions at sea level

(n,-1)_. -t
¢ . =L ‘air__2.93 x 10 = .227 cm®/gm. (3.15)

air P 1.29x10~%gm/cm?®

Then equation 3.14 can be written

8.14 x 10~?2
}\4

AS cemb/gm . (3.16)
Absorption resulting from molecular transitions
typically occurs in a series of very narrow lines. If the
wavelength spread over which absorption is significant is
AX, the relativé changé in mass scattering coefficient
across a line is.indicated by the ratio of the coefficients

in the wings,

k y
e [CX.7.79 A 5%& P (3.17)
(A+AN)s A -
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The value for UAX/X is generally much less than .001 so
that the variation in mass scattering coefflcient across a
molecular absorption line at visible wavelengths can be
neglected. Therefore the mass scattering coefficient is a
constant for a given absorption line, ks, and the scattering

optical depth of a pure Rayleigh atmosphere is simply
T, = k_M (3.18)

~ Where MS is the total mass of scattering molecules in a

vertical column of unit cross-section.

Mass of Scattering Material

The total mass of scattering molecules per unit
area, MS, and the mass of scattering molecules per unit
area in layer 2, AMS(Q), can be determined by integration

of the hydrostatic equation,

pdz = - 92 | (3.19)

where p is the air density, z is height, p is atmospheric
pressure, and g is the acceleration of gravity. The

appropriate expressions are

@ P P
M= [ odz = f odp . , (3.20)
0 , g

s 0

mlo

where p_ 1is the surface pressure, and
o
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z, (%) p. (%)
AM_(8) = I t pdz = - J t 9% = fplr) > (3.21)
7, (2) by, (£)+4p(8) 5

where zt(z) and zb(z) are the heights at the top and bottom
of layer 2, pt(z) 1s the pressure at the top of layer &, and

Ap(2) is the pressure thickness of layer 2.

Distribution of Absorbing Gas

One of the aims in this dissertation is to develop
a theory that gives insight into the interpretation of
blanetary spectra. Since the main interest in such work is
centered on major constituents, i1t is most suitable to
assume that the absorbing material is well-mixed; that is,
it has the same vertical distribution as the whole atmo-
sphere. Then the density of the absorbing gas, py> can be

expressed as a fradtion of the atmospheric density,

p,(2) = £ 0(z) , (3.22)

where fa is a constant. For the earth appropriate fractions

of oxygen and nitrogen are fo = 0.21 and fN = 0.78; on
2 2

Venus the value fCO would be about 0.95. For a planetary

2
atmosphere the goal may be to determine fx from the spectra.
Based on this assumption, the expression for the mass of

absorbing gas in layer 2 is given by
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M (8) = T, Aﬁé&l . (3.23)

When equation 3.22 is used to express Py the atmosphere will
be inhomogeneous solely because.of vertical changes in the

absorption coefficient.

Absorption Coefficient

The mass absorption coefficient can be written as
the product of the strength of the line, S(L,T), and a

shape factor or line profile, k(Av,p,T),

k,, = S(L,T)k(Av,p,T) (3.24)

The index, L, identifies a particular molecular absorption
line, and Av represents the difference in frequency from

the frequency at the line center. «x(Av,p,T) is assumed to
be normalized at each level so that at all temperatures, T,

and pressures, p,

J k(Av,p,T)d(av) = 1 . (3.25)

Line Strength
Because of the complex structure of even the sim-
plest diatomic molecules, the strength of an absorption line

must be determined from measurements. Nevertheless, the
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absorption of a particular gas has a unique spectrum of
vibration-rotation bands and the line strength can be re-
lated to some of the properties of the molecules. Herzberg
(1950, p. 125) gives the following expression for the depen-
dence of absorption line strength on temperature and rota-
tional level of the-.initial state, L,

—BL(L+1)%%
S(L,T) = O, _(2L+1) e ) (3.26)

C is a constant for a given rotation band, but depends on

abs
the dipole moment, on the number of molecules in the initial
vibrational state, and the energy of the transition. B is
the rotational constant which has a value of about 2 cm~!
for 0O, and Np. Plank's constant is denoted by h, the
Boltzmann constant by k, and the velocity of light by c.
Measurements of the variation of equivalent width, which was
proportional to line strength, with rotational level, L,
were used by Chamberlain and Kuiper (1956) to determine the
rotational temperature from spectra of Venus. In the pre-
sent case the concern is with the variation of S with
temperature. Typical values of S(L,T)/Cabs for several

values of L at temperatures of interest in planetary atmo-

spheres are recorded in Table 1.
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Table 1. Typical Values of S(L,T)/CabS

L = 2 L 6 8 10 14
T(°K) |
150 5.35 6.13 5.80 h.27 2.54 0.51
220 5.55 7.01 7.51 6.61 4.98 1.83
280 5.64 7.32 8.43 8.10 6.79 3.34
400 5.75 7.80 9.60 10.13 9.57 6.38

The familiar fact that the L at which the strongest absorp-
tion occurs increases with temperature ié exemplified in the
table. Two additional facts can be noted: 1) for a partic-
ular value of L, S(L,T)/CabS increases as temperatures in-
crease, and 2) this increase becomes magnified at larger L.
Therefore, in an atmosphere in which the temperature varies
in the vertical every line in a rotation band will behave
differently. In this present work, where the emphasis is to
be on the effects of line profile, the value of S(L,T) was
assumed to be independent of temperature, an assumption
which 1s reasonable only for lines with small L.

In order to specify a numerical value of S(L,T) it
is necessary to use measured values for a specific absorp-
tion line. The gaées in the earth's atmosphere that have
the vertical distribution assumed in equation 3.22 include

the major constituents, Nz and 0, and several trace gases,
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In keeping with the plan te use the earth as the prototype
of a planetary atmosphere, absorption by minor constituents
was considered not of interest. A well-known property of
nitrogen molecules is that they do not have any significant
absorption bands at visible wavelengths, but oxygen has a
series of atmospheric'bands in the red and infrared. There-
fore, oxygen was considered to be the absorbing gas. For
the atmospheric oxygen lines Goody (1964, p. 176) has given
a table of strengths per molecule for the entire rotation
band and the wavelength at the band head. These values were
used as an initial guide in specifying S(L,T). While a
realistic model of the earth's atmosphere is desirable, a
major goal of this work is to examine conditions that have a
bearing on planetary proﬁlems; therefore, a great deal of
freedom was exereised in adjusting the values of wavelength
and line strength. Because the scattering thickness at long
wavelengths is small, the frequency of the center of the
absorbing line was shifted to a lower value. The line
strength was set so that the total absorption optical depth
at The line center and the scattering optical thickness of
the atmosphere were of roughly the same size. Most of the
results to be presented use a wavelength of M336A, which
gives Tt = 0.24, and S(L,T) was set equal to 5.05 x 10-5
cm/gm of 0,. One of the factors that will be investigated

is the effects that chenges in line strength and wavelength
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have on the profiles of absorption lines in diffusely

reflected sunlight.

Line Broadening and Profiles

The absorption of a quanta of radiative energy in
the atmosphere is accompanied by a corresponding transition
between discrete energy levels in a molecule. This absorp-
tion does not occur at discrete freguencies, however, but
over a small range of frequencies. The broadening of spec-
tral 1iﬁes in the atmosphere is primarily a result of 1) the
motion of the molecules called Doppler broadening, and 2)
distortion caused by the fields of neighboring molecules
called pressure or Lorentz broadening. The profile for
Doppler broadening, originally developed by Rayleigh is

given by Goody (1964, p. 98),

" exp (- AE%) (3.27)
NG ap

k(Av) =

where Oy the Doppler width of the line, is

o = —= (3.28)

.
Vo ‘<2kT>2

m
with m tﬁe mass of the absorbing molecule, v, the frequency
at line center, ¢ the velocity of light, k¥ the Boltzmann

constant, and T the temperature. The half-width for Doppler
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broadening 1is aD/fHE. For a hypothetical oxygen absorption
line at A = 4336 and at a temperature of 285°K, the Doppler
half-width in wave number units, cv, is 2.49 x 10~2 em~?.

The theory of the effects of neighboring molecules
on the line profile is reviewed in detail by Breene (1961).
Two different points of view can be taken. In the interrup-
tion theory or the theory of strong encounters it is postu-
lated that a radiating or absorbing molecule suddenly moves
within a certain minimum separation from another molecule.
During this optical collision absofption or emission of
radiation is interrupted, so that the period of absorption
or emission is shorter than the natural radiative lifetime
of the molecule; therefore the profile is broadened. The

profile that results is a Lorentz profile given by

oy,
2 2
(av+p)2 + oq,

k(Av) = (3.29)

ER

where o is the Lorentz half-width of the line and B8 mea-
sures a shift in the frequency of the line center. This
theory applies "when the pressure is low--probably not
greater than an atmosphere--or at positions near line
center" (Breene, 1961, p. T4).

For high pressures and wing frequencies a statisti-
cal theory applies. The energy levels of an absorbing

molecule are viewed as being distorted by all other randomly
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situated and moving molecules. The profile in this case

becomes approximately

- 2
K(AV) = % (AV) 3/2 exp (- E%;) 5 (3.30)
‘therefore the intensity in the wings varies as (Av)_3/2. 1t

is stated that this prediction does not correspond to exper-
imental profiles.

Based on measured profiles the apprdpriate expres-
sion for pressure broadened lines in planetary atmospheres
even in the wings is given by equation 3.29. If the shift,

B, i1s included in the definition of line center frequency,

oy,

2 2
(Av)?% + or,

1
c(av) = = (3.31)
"The half-width of a pressure-~-broadened Lorentz line,
O, is inversely proportional to the time between collisions,

At or, equivalently directly proportional to the rate at

col’
which collisions occur. The collision rate is proportional
to the number of molecules or the alr density, p, their mean

velocity, V, and a collision cross section, o. Using the

kinetic theory relations gives

1] ;"
o« p.\;g = _b_ (_2_](’;[‘-)2 g Y (3.32)
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where Rg is the gas constant, m, is the mass of the
absorbing molecules, and k¥ is the Boltzmann constant. (If
the broadening for absorbing‘molecule J is due to collisions
with several different types of molecules, i, equation 3.32

becomes

1| 0., (3.33)

where fi is the masé fraction of molecules of type i, my
and mj are the masses of molecules of type i and j, and
Cji is the cross-section for collisions between these
molecules. For some gases self-broadening behaves differ-
ently from broadeﬁing due to collisions with molecules of a
different type.)

If the Lorentz half-width at standard temperature,

TO, and pressure, Py (STP) is denoted by P

noj=

22 Py
o = C, =2 (=57 -2 (3.34)
o 1 Rg [ma] To—z-

where Cl is a proportionality constant; the half-width at

level &, aL(z) can be written

i

T
ap(2) = a, p—é—;’“—) [T—(—E)] : (3.35)
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The half-width at STP, O > for an oxygen red line in
wave number units, ve, is 4.7 x 1072 cm~! (Goody, 1964,

p. 176). In the earth's atmosphere p/pO ranges from 0 to 1
“and (TO/T)% from 1.12 to 0.97 for T from 218§K to 288°K.
The temperature variation of the Lorentz half-width in
equation 3.35 was neglected because this variation is small
and should not substantially alter the results.

In order to determine the Doppler half-width at
level & it is necessary to specify the vertical distribution
of temperature. Since the earth is the prot..ype, the
typical distribution given by the NACA Standard Atmosphere
(Smithsonian Meteorological Tables, Sixth Revised Edition,
1958, p. 265) was used. The temperature at a pressure, p(%),

is evaluated using the relationship

T(R) = Ts[p(“) (3.36)

0.190284
o |

where TS is the surface temperature, 288°K, and P, is
surface pressure, 1013.25 mb = 1 atmosphere. This equation
is subject to the restriction that T = 218°K which must be
invoked for p < 234.5 mb. For p less than 234.5 mb T is
assumed to be equal to 218°K. Often in planetary problems
the subject of the investigation is the vertical distribu-

tion of temperature with pressure. The viewpoint taken here
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is that familiarity with the effects on synthetic spectra
produced for different distributions will give insight into
thé.inferpretation of planetary data.

Procedure for Evaluation of the
Single-Scattering Albedo

The details of determining the mean value of the
albedo for single scattering in each layer, the variable
used in the auxiliary equation, are of some interest. The
total optical thickness of the atmosphere at a given fre-
guency separation from the center of an O, absorption line,

Av, is determined from

p p

= (Poy ap, [Po dp

Ty () = [ Ceg g0k [0 s(T,mclav,p,mER L (3.3)
This expression is valid if no other material absorbs at
this frequency and if there 1s no overlapping of neighboring
lines. PFor the assumptions made in this model, equation
3.37 can be simplified to

Tvl(Av) = k

pO pO
s Bt 0,5 [ ©ktav,p,man L (3.38)

The value of ATV is set so that the atmosphere is divided
into N layers of equal optical thickness; it has been
pointed out in Chapter II that the transfer equation solu-

tion is most efficient for equal values of ATV for all
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layers. The size of ATv is restricted for two reasons: The
accuracy of the auxiliary equation solution deteriorates as
ATVS = w,At, becomes larger than 0.02. Also, if wv(Tv) has
large nonlinear variations within a single layer 5;?@7 cal-
culated at the mid-point of the layer may not be a suitable
average. At a particular frequency separation from line
center, Av, the mean value of the albedo for single scatter-

ing in layer &, w(&,Av), is determined using equation 3.10

in the form

K Ap(2)
S

- g
Ap(%) Ap (2)
kS—P—g + fakva(z,)———g

w(g,Av) =

(3.39)

The mean absorption coefficient for each level, K;;TET, is
evaluated at a pressure, p(%), midway between the pressure
at the top and bottom of the layer and it is different in
every layer. In order to keep the total optical thickness
of all the layers the same the pressure thickness of layer
&, Ap(R), must be édjusted, but this makes necessary a re-
evaluation of kva(z) at a slighﬁly different pressure.
Therefore, the equations were satisfied by a prescribed
trial and error method that seems to be efficient. The
exact procedure used, starting with level 1 at the top of

the atmosphere and working down layer by layer and assuming

only pressure broadening occurs, is as follows: (1) An
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initial guess is made for Ap(#). For level 1 it is pO/N;
for £ > 1 it is .98 Ap(2-1) added to the pressure at the top
of the layer, pt(z). (2) Using this value of Ap(f), p(2)
is given by pt(z) + Ap(2)/2. (3) This value of p(f) is put
into equation 3.35 to evaluate aL(p) ignoring the tempera-
ture dependence. (4) Using the appropriate shape factor
(cquation 3.31) a value of E;;?E; can be found using equa-
tion 3.24. (5) For these values of E;;?EY gnd Ap (%) the
. scattering, absorption, and total optical thicknesses of the
layer are determined. (6) From Arv(k) a value for v at the
bottom of layer & is set, and this T, is required to be
equal to (1 % 10‘5)2Arv. If this criteria is met w(&,Av) is
defined by equation 3.39, but if it is not, Ap(2) is ad-
Justed as follows: Since Ty is a monotonic function of p,
the sign of the adjustment for Ap is known. If the previous
édjustment had the same sign as is required for this new
adjustment, Ap is changed by the same amount as before. If
the sign of the last alteration 1s opposite, that change was
too big, so Ap is given a value midway between its last two
values. Using this adjusted Ap(%) the procedure is repeated
starting at step (2). In general about 10 values of Ap(R)
were tried before the convergence criteria of step (6) was
met. The whole process at all levels could be completed in

an almost negligible amount of computer time.
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Results for Pressure-Broadened Lorentz
Absorption Coefficient Profile

As is often done in terrestrial radiatilon studies,
thermal Doppler broadening of spectral lines was neglected
‘in the model in its earliest form. It was assumed that,
since o, was larger than ons the pressure-broadened Lorentz
profile would be approximately correct. A typical profile
of a synthetic absorption line in sunlight reflected from
the earth under the assumptions of this model is illustrated
in Figure 3.1. In the figure the abscissa is the non-
dimensional frequency separation from line center obtained
by taking the ratio of the actual frequency separating Av,
to the half-width of the pressure broadened Lorentz profile
at a pressure of 1 atmosphere, 0. The wvalues of es and ¢S
specify the zenith and azimuth angles of the sun and the
values of 6o and ¢O specify the zenith and azimuth angles of
the observed emergent radiation. In this model the scatter-
ing optical depth of the atmosphere, Tg> is about 0.24, and
the absorption optical depth of the atmosbhere at line
center is about 0.57. The surface reflectivity 1s zero so
that all the observed light is reflected by the atmosphere.
The most striking feature of the synthetic absorption line
is that it has a deep and extremely narrow center, and yet
it still has rather extended wings. If the half-width of

the profile is assumed to be approximately equal to the
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Lorentz half-width of the absorptlion coefficient at a mean
level of line formation, the pressure at this level, using
equation 3.35 without the temperature dependence is 0.07
atm. The implication is that the top part of the atmosphere
is extremely important in the formation of the central
region of the line. But for this line of weak to moderate
strength formed iﬁ an atmosphere of small to moderate scat-
tering optical depth there should be significant contribu-
tions to the line formation process from all levels. An
explanation for this discrepancy can be found by examining
what happens to a Lorentz profile as pressure decreases.
The half-width has been shown to bg proportional to pres-
sure, so that at low pressures the lines must be narrow.
But the strength of the lines at all levels is held constant,
and since the strength is proportional to the area under a
plotted line profile, the center must become deeper as the
lines become narrower. This feature can be readily seen in
Figure 3.2 where several Lorentz curves with the same

strengths but different half-widths are drawn, and it is

also evident from equation 3.31 with Av 0

Po

'ﬂ'(!o

k (Av = 0) = (3.40)

T

Therefore, near the top of the atmosphere the absorption

coefficient at line center is very large. Since nearly all
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Pigure 3.2 Lorentz Profiles with Different Half-Widths but
the Same Line Strength.

The labels for each curve are the half-widths used in
equation 3.31 to compute the profiles.
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of the emergent light reflected by the atmosphere passes
through the top layers twice, radiation at frequencies very
near the line center is strongly absorbed, and as a result
the line center is abnormally deep. Because the frequency
range of very strong absorption is small its importance
diminishes rapidly as Av increases. The wings of the line
in the synthetic spectra probably approximate existing con-
ditions much better, but absorption by the upper layers is
slightly underestimated.

The results of this numerical experiment support two
very important conclusions. Although the atmosphere that
has been modeled with this set of w(&,Av) does not represent
the terrestrial atmosphere, an atmosphere with this set of
w(2,Av) could conceivably exlist. The synthetic profile that
has been produced would then correspond to an absorption
line in sunlight scattered by that hypothetical atmosphere.
It would be an exceptionally inhomogeneous atmosphere, and
to model it as homogeneous with an absorption profile based
on conditions at some mean level is impossible. For, clear-
ly, the profile must be narrow and deep to modél the region.
near Av equal 0, but such a profile would not allow for the
extended wings which are presumably pfoduced by light scat-
tered in the lower layers which absorb more strongly in the

wings.
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The behavior of a Lorentz profile at low pressure is
seldom discussed. In the infrared bands Doppler broadening
is usually ignored because the level at which the Lorentz
and Doppler half-widths become equal occurs at a high level
above which there is only a negligible amount of the absorb-
ing gas. However, if it were not for Doppler broadening,
the absorption coefficient at the line center and near zero
pressure would still become so 1arge'thaf this '"negligible"
amount of gas would absorb strongly. In the present model
which uses typical wvalues for moleéular absorption lines the
Doppler and Lorentz half-widths are equal at a pressure
level in the middle of the atmosphere. The impdrtant con-
clusion is that at.visible wavelengths thermal Doppler
broadening of molecular absorption 1ineé in vibration-

rotation bands cannot be ignored.

Voigt Profile

Because Lorentz and Doppler broadening are caused
by éifferent physical processes it is reasonable to define a
line profile in which both effects are accounted for by a
superposition of the individual line profiles. This profile

is called a Voigt profile and is given by

:2 . (3' )

K‘(A\),GL:QD) = 1-‘-3/2& [ P
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The Lorentz and Doppler widths or, and 0p s in this
expression are given at a particular level in the atmosphere
by equations 3.35 and 3.28, respectively. By subetitution
'of variables equation 3.41 can be written in a form more

suitable for numerical evaluation

K ©
K(x,9) = =y J exp (~e7)_ 4y (3.42)
m w ¥+ (x-T)

where y is the ratio of aL/aD, X is Av/aD; and_ko, the
normalization constant, is given by (agﬂ)_l/g. A comparison
of Lorentz, Doppler, and Voigt profiles for 3 levels in the
atmosphere is shown in Figure 3.3. The non-dimensional
half-widths of the Lorentz and Doppler profiles at each
level are given by the numbers in parentheses; these same
values were also used in computing the Voigt profile using
equation 3.42, and the same line strength was used for all
profiles at all three levels. The characteristics of the
Voigt profile as x and y approach their limiting yalues can
be inferred from the figure or determined from equation
3.42. ©Near the top of the atmosphere where Doppler broaden-
ing is dominant (small y) the Voigt profile approaches the
Doppler curve, but in the far wings (very large x) the
effects of pressure broadening compete because of the much
slower fall off of the Lorentz curve relative to the Doppler.

At the bottom of the atmosphere where pressure broadening
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becomes dominant (large y) the Voigt profile approaches a
ILorentz shape. It is this feature that is used in studies
of infrared absorption. For molecular absorption lines at
visible wavelengths the effects of Doppler and pressure
broédening in the terrestrial atmosphere are nearly equal.
The Voigt profile is broader than the curve obtained con-
sidering only one of these broadening mechanisms, and it has
a unique profile resembling the others only in that it has
a maximum at the line center and falls towards zero as Av
increases. At large values of Av the Voigt profile does
approach the Lorentz curve because of the rapid fall off
of the Doppler profile in the wings. A computer program
developed by Armétrong (1967) was used to evaluate equation
3.42 and this value was used in step (4) of the procedure
for determining the single scattering albedo of each layer
(p. 62) in the models to be discussed in Chapter IV.

Variation of Single—Scaﬁtering
Albedo with Pressure

The variation with pressure (or height of the
single—scattering albedo for various.Av is of dinterest in
itself. The distribution of w(2,Av) with pressure for a
stratified atmosphere with 25 layers is shown in Figure 3.4.
The absorption line strength is 15.15 x 10-° cm/gm of O
at line center equals .3466) and the wavelength of the

(Tva

line center is 43364 (T, equals .2413). The values given
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for DN refer to the ratio Av/ao. The general features of
these curves can be understood using the definition of
w(%,Av) in equation 3.39 and the characteristics of the
absorption line profiles at each pressure level. In the
present model the fixed total optical thickness of a layer
can be written as proportional to (kS +'E;;TET)Ap(£) where

ks is a constant. [The fraction of absorbing gas could be

——

included in kva(z)]. Since k, is the.same for every level
an increase in E;;TET must be compensated for by a decrease
in Ap(&). It is clear from the definition of the albedo for
single scattering and from equation 3.39 that an increase in
the mean absorption coefficient in a layer, E;;?IT, must
cause the single-scattering albedo for that layer, w(2,Av),
to decrease. At or near the line center (curves for DN = 0
and 0.5) the absorption coefficient decreases with increas-
ing pressure because the width of the profile is increasing
and the line strength is held cénstant; therefore w(2,Av)
increases wlth pressure. Also to keép ATv constant at all
levels Ap(%) must be smaller near the top of the atmosphere;
this effect can be very clearly seen in Figure 3.4 for DN =
0. In the wings, E;;ZET is largest at the bottom of the
atmosphere so that w(&,Av) decreases with pressﬁre; in the
far wings where the absorption coefficient is very.small the
single—scattering.albedo remains close to unity and the

atmosphere is almost pérfectly scattering. At intermediate



T4
values of DN the single-scattering albedo reaches a minimum
at some intermediate pressure level. This fact 1is demon—_
strated by the curve for DN = 1 in Figure 3.4, and for DN =
1, 2, and 4 in Figure 3.5, which is for the same conditions
as Figure 3.4 but extends the atmosphere to a surface pres-
sure of 8 atmospheres (TS = 1.93). (The top one-eighth of
Figure 3.5 is identical to Figure 3.4 as it must be since
w(&,Av) depends only on conditions at a particular level.)
That E;;TET does have a maximum [w(2,Av) has a minimum] at
an intermediate level for intermediate Av can be confirmed
by referring to Figure 3.2. On the left-hand edge of the
figure the curve with intermediate half-width has the
largest absorption coefficient. From Figure 3.5 for DN = 1
the minimum in w(f,Av) occurs near 0.7 atmospheres; for
DN = 2, near 1.8 atmospheres; and for DN = U, near 4 atmo-
spheres} As the line profile assumes a pure Lorentz shape
the minimum in single-scattering albedo occurs at a pressure
level p/pO = Av/ao. This property of a Lorentz curve can be
easily demonstrated by differentiating equation 3.31 with
respect to o at censtant Av.~‘For higher levels in the
atmosphere the half-width of the absorption line will be
greater than ao(p/po) because of Doppler broadening.
Therefore, the value of p/po at the level where w(z,AQ)

is a minimum should be smaller than the value of Av/ao.
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CHAPTER IV
SYNTHETIC ABSORPTION LINES

Using the model described in the previous chapters,
synthetic absorption lines have been produced. The pro-
perties of the atmosphere were varied in certain specific
ways with the goal of discovering how these variations
affect the characteristics of absorption lines in diffusely
scattered sunlight. An attempt has been made to answer the
following questions: 1) Can an inhomogeneous atmosphere be
accurately modeled if it is assumed to be like a homogeneous
atmosphere with the absorption profile determined by condi-
tions at a particular level? 2) How do the characteristics
of absorption 1ineé (shape, half-width, and equivalent
width) change with solar zenith angle and observation angle?
3) For moderately strong absorption how are equivalent
width and line Strength related to each other? U4) Does the
scattering optical depth of the atmosphere have an effect on
line shape? 5) As the pressure thickness of the atmosphere
is increased, does the absorption line in diffusely scat-
tered sunlight approach a fixed shape determined primarily
by the upper layers? 6) How important is surface reflec-
tion in altering the characteristics of absorption lines?

76
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7) How does the percent polarization vary across an
absorption line observed in reflected sunlight? This list
is not intended to be complete, but 1t does indicate
parameters that can be conveniently and meaningfully varied.
Answers to these questions will give substantial new insight
into the process of absorption line formation in a scatter-
ing atmosphere.

It is advantageous to non-dimensionalize the fre-
quency separation from line center, Av, by expressing it as
a ratio to some standard value. A convenient choice is
the half-width of a Lorentz line at standard temperature and
pressure, a.; tﬁe value of 0, can be readily found for most
of the absorption lines identified in planetary spectra.

The non—dimensional-frequency separation at one half-width
from the center of the absorption coefficient profile for a
pure préssure broadened Lorentz profile at the»surfage of
the earth would be 1, but when the Doppler broadening is
included, the non-dimensional frequency separation at the
half-width of the Voigt profile is greater than 1. 1In the
present model the non-dimensional frequency separation at
the half-width of the Voigt absorption profile is about 1.25
at the surface of the earth and 1 at a pressure level of
about 0.7 atmospheres. In most of the calculations the

particular set of wvalues of non-dimensional frequency
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separation from line center, DN (0, 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, 0.7, 0.8, 0.9, 1.0, 1.25, 1.5, 1.75, 2.0, 2.5, 3.0,
3.5, 4.0, and 10.0) was used. The line profile at a partic-
‘ular cbservation angle was obtained by plotting the quotient
of the reflected intensity at each of these values of DN
divided by the intensity reflected in the same direction at
DN equal to 10 and connecting the plotted points. The
difference between the intensities at DN equal 10 and for
an atmosphere in which there is no absorption at all is
generally a few tenths of a percent. The small amount of
absorption at DN equal 10 was regarded as due to the contin-
uum. The equivalent widths were calculated by numerically
integrating the area above the synthetic profiles including
a contribution from the region between DN equal 4 and DN
equal 10. The half-widths are the wvalues of DN that occuf
when the line depth is equal to one-half the depth at line
center; between data points they were calculated by linear
interpolation.

Comparison of Absorption Line Characteristics in
Homogeneous and Inhomogeneous Atmospheres

'Synthetic absorbtion lines produced in homogeneous
and inhomogeneous Rayleigh scattering atmospheres are pré—
sented in Figures 4.1 and 4.2. 1In these illustrations the

labels V and C represent albedos variable (inhomogeneous
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Figure 4.1 Synthetic Lines for Homogeneous and Inhomoge-
neous Atmospheres, High Sun.
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Figure 4.2 Synthetic Lines for Homogeneous and Inhomoge-
neous Atmospheres, Low Sun.
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‘atmosphere) and constant (homogeneous atmosphere) with
height. Two line strengths were used, the weaker line,
labeled W, has a strength of 5.05 x 10~° cm/gm of O, and
the stronger line, labeled S, has a strength three times és
large. The solar zenith and azimuth angles are indicated
by es and ¢S, and the zenith and azimuth_angles in the di-
rection of the observed emergent radiation are indicated by
90 and ¢o. The single-scattering albedo as shown in
Figure 3.4 applies to the calculations labeled V-S. For
the homogeneous atmosphere the single-scattering albedo at
each DN was obtained using a Voigt profile at a pressure
of 0.5 atmospheres and a corresponding temperature of 2T70°K.
It is apparent in Figures 4.1 and 4.2 that the half-widths
of the lines formed in an inhomogeneous atmosphere are
smaller than those .for 1ines formed in a homogeneous atmo-
sphere where the absorptioﬁ coefficient profile is deter-
mined using the pressure and temperature at the middle of
the atmosphere. That this feature is characteristic at all
angles is illustrated in Figures ﬁ.3 and 4.4, The label
0~180 SECTION in these figures indicates that the plotted
data are for radiation emerging in the vertical plane that
contains the incident sunlight. The left side of these
figures is the ¢o equal 0° half-plane and the right side is
the ¢o equal 180° half-plane. The arrow in these figures

indicates the angle of direct backscattering; it is in the
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180° half-plane when the incident sunlight is in the ¢ equal
0° direction. For all observation angles and for both line
strengths the half-widths are larger for lines formed in the
homogeneous atmosphere. Also, in both homogeneous and in-
homogeneous atmospheres the stronger lines have larger half-
widths than the weaker lines. The variation of half-width
with observation angle is generally small except near fthe
horizon and is slightly larger for the stronger line. In
Figures 4.5 and 4.6 it can be seen that the equivalent
widths of both of the weak and both of the strong lines are
nearly the same at all angles and that the equivalent widths
are larger forvlarger angles of incldence and observation.
Since the line strength at all levels is the same in both
the homogeneous and inhomogeneous models; the equivalent
widths can be expected to be nearly equal.

"It is possible to produce in a homogeneous model
atmosphere a synthetic absorption line that has a profile
that more closely matches the synthetic line pfoduced in an
inhomogeneous atmosphere if the absorption coefficient pro-
file for the homogeneous model is evaluated at a different
height. In Figure 4.7 such a comparison is made using the
larger line strength and the profile at the 0.2 atmosphere
level for the homogeneous model. The variations of half-

width and equivalent width with zenith angle of observation
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are shown in Figures 4.8 and 4.9. Now the half-widths are
nearly equal, but the equivalent widths are only close to
each other. Ignoring this difference the homogeneous model
gives about the same results as the inhomogeneous atmo-
sphere. But the mean pressure level of line formation is
not the mean pressure of the atmosphere, nor does a measure-
ment of the half-width of a synthetic absorption line reveal
directly what pressure level was used to determine the
single-scattering albedo. For example, the-half—width of
the absorption coefficients at 0.2 and 0.5 atmospheres are
0.60 and 0.86 while the corresponding half-widths of the
synthetic absorption profiles in light reflected from a
homogeneous atmosphere are about 0.8 and 1.0. These latter
values also depend somewhat on the line'strength and angles
of incidence and observation.

'That the half-width of a synthetic absorption line
in light reflected from a homogeneous atmosphere should be
larger than the half-width of the absorption coefficient is
due to the exponential nature of absorption and can be
better understood if the line formation process is visual~
ized as follows: The emergent radiation observed at any
angle can be considered tQ be made up of many photon beams.
Each photon beam is composgd of a large number of photons,

all of which have traversed identical zig-zag paths through
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the atmosphere; For a particular beém the number of photons
emerging out the top of a non-absorbing atmosphere per unit
time can be denoted by Np. When there is absorption, fewer
photons emerge per unit time. For the particular beam con-
sisting of Np photons initially and following a zig¥zag path
through the atmosphere .of length &, the number of photons
emerging per unit time at line center is Npe—ch, where X,
is the absorption coefficient per unit path length at the
line center. The number of photons emerging per unit time
at the frequency corresponding to the half-width frequency
of the absorption coefficient profile is Npe_ch/z. The
ratio of line depth at the half-width frequency, DHW’ to the

line depth at the line center, D is given by

C,
-X &£/2
Pv _ 1-e © "
b, K€ ° -1)
c 1 -e C
which can be factored to give
D
HW 1
e = . (u.z)
D¢ - &/2

(L + e )

The upper limit on this ratio is 1 at large KCE, and the
lower limit is 1/2 for small ch. Therefore, the depth of a
line for all path lengths through a moderately absorbing
atmosphere at the frequency separation which corresponds to

the half-width of the absorption coefficient profile 1is
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greater than 1/2, It follows that the absorption line
observed in scattered light, which is made up of many photon
beams with different paths, has a broader profile than the
absorption coefficient. This effect was noted by Belton,
Hunten and Goody (1968) in their synthetic spectra and also
applies to absorption profiles obtained using the model
developed here. It also follows from this discussion that
the longer the path the broader the absorption line in
scattered light, and the larger Kc, that is; the stronger
the line or the greater the amount of absorbing material
along the path the greater the half-width of the observed
profile.

In the present model it was possilible to find a level
at which the half-width for a synthetic absorption line
formed in a homogeneous atmosphere is equal to the half-
width of the line formed in an inhomogeneous model. But the
equivalent width is slightly 1arger'for the line formed in
an inhomogeneous atmosphere because of greater ébsorption in
the wings. The same differences in line shape, that is, the
central part of the line is narrower and the wing more
strongly absorbing for the inhomogeneous model, were pointed
out for the exaggerated case of a pure Lorentz line dis-
cussed in Chapter III. For a thick planetary atmosphere
where the surface pressure ls very large, the pressure level

that would model the central region of the line would
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greatly underestimate the absorption in the wings and there-
fore the equivalent width; in this case the error would
again be large. Therefore, data on abSorption lines for
planetary atmospheres can only be reliably compared with
synthetic absorption profiles produced with inhomogeneous
atmospheric models.

Variation of Line Characteristics with Observation
and Solar Zenith Angles

Synthetic absorption line profiles change with the
zenith angle of observation in the typical manner illus-
trated in Figure 4.10. The left-hand graph is for lines
formed in the inhomogeneous atmosphere, V-S, and the right-
hand graph for absorption by the homogeneous atmosphere,
C-S, with its absorption coefficient profile based on a
pressure of 0.5 atmospheres and a temperature of 270°K. The
solar zenith angle is 25°. As shown in Figure 4.5 absorp-
tion is greatest for large zenith angles, and the equivalent
width is smallest for nearly vertical observation. The
equivalent width increases most rapidly at large zenith
angles of observation. 1In Figure 4.3 it can be seen that
the half-widths of synthetic absorption lines do not change
very much with observation angle, but do increase slightly
at large zenith aﬁgles. The differences in line profiles at
various zenith angles must be a result of the different

paths traversed by refiected sunlight. Absorption will be
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larger for beams traversing longer paths and for beams whose
paths, due to scattering, are mainly at levels where the
absorption coefficient is larger. Both of these factors
contribute to the observed variations in absorption pro-
files. The intensity of light reflected from a finite atmo-
sphere as a function of zenith angle of observation is shown
in Figure 4.11 where the curve for the wings, DN = 10, can
be considered applicable to a non-absorbing atmosphere. For
a glven solar zZenith angle the reflected intensity is deter-
mined by the scattering phase function and the total scat-
tering optical depth of the atmosphere. For the reflected
intensities a Rayleigh phase function tends to produce a
maximum in the backscattered direction and a minimum in
directions 90 degrees from that. But the slant optical
thickness of a finite atmosphere in a given direction
depends‘inversely on the cosine of the zenith angle, so that
for observations near the horizon the atmosphere appears
very thick. Additional slant scattering thickness permits
additional scattering in the direction of observation, and a
fraction of this radiation will emerge out of the top.
Therefore, the larger the slant optical thickness of the
atmosphere the larger the reflected intensity, implying that
observatioﬁs along the horizon have the largest intensities.

When absorption is considered the fraction of energy last
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scattered at a given level that emerges out of the top is
decreased because tﬁe slant total optical depth is lncreased
by absorption. Because of multiple scattering and the in-
homogeneity of the atmosphere the intensity of the emergent
radiation at the line center can be smaller for observations
at large zenith angles than for observations at some smaller
zenith angles. Since the calculated intensity near the line
center is relatively constant at all observation angles
while the intensity in the wings is largest near the horizon
(Figure 4.11), the absorption lines are deepest at large
zenith angles of observation. It is also clear that obser-
vations along the horizon are more sensitive to character-
istics at upper levels, while nearly vertical observations
probe deeper into the atmosphere,.

The coincidence of line profiles shown in Figure
},12 for lines formed when the angles of incidence and
observation are interchanged illustrates the principle of
reciprocity between these angles. The principle of reci-
procity as stated by Chandrasekhar (1960, p. 172) is "the
scattering and transmission functions are unaltered when the
directions of incidence.and emergence are interchanged."
The scattering function, sv(Tvl’uo’¢o’“s’¢s)’ is defined
such that for an incident parallel beam of light of net flux
TmF the reflected intensity is expressed in terms of the

scattering function by
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I (0sugsbgstigsby) = p— s (t 4 ) (4.3)
v sy O’US’ s o v \)lﬂioa O’US’¢S . .
Applied to the present conditions

1 (0, .2588, 0, -.9063, 0)

= H(.gBBS)Sv(Tvla .2588, 0, -.9063, 0) (4.1)
at 8, = -25° and ¢ _ = 75° and

I.(0, .9063, 0, -.2588, 0)

v
= T(T5053)°y (Tyrs 9063, 0, 2588, 0) (1.5)
at 6, = -75° and ¢ _ = 25°. The principle of reciprocity

states that both SV'S are the same. The ratio of reflected

intensities is

I (0, .2588, 0, -.9063, 0)
vo? > ? .9063 _
.2588 - 3.50 . (u.6)

1,(0, .9063, 0, -.2588, 0)

The reflected intensities at the line center are 0,02572

and 0.00735 and in the wing 0.06247 and 0.01784; the ratios
are both 3.50. As a consequence of this principle the wvari-
ation of line characteristics with solar zenith angle can be

inferred from the changes with observation angle.

All of the synthetic absorption lines discussed in
the remainder of this chapter are for inhomogeneous model

atmospheres. The albedo for single scattering at each
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level was determined using the method discussed in Chapter
III assuming the absorption coefficient has a Voigt profile.

Variation of Line Characteristics
with Strength of Absorption

A very important property of absorption 1inés is the
dependence of equivalent width upon line strength and amount
of absorbing gas. In the present atmospheric models the
line strengths and fractional amounts were held constant at
all levels, although the absorption profile.was allowed to
change. In order to investigate this property of absorption
lines in reflected light, synthetic profiles were produced
for products of line strengths and fractional amounts in the
ratio 1:2:3:6. The product of line strength and fractional
amount will be called the line strength in the atmosphere
and has units of cm/gm of air. The line strengths in the
atmosphere were deliberately chosen so that the single-
scattering albedos at line center were not close to either O
or 1; therefore, the lines were neither strong nor weak but
in the transition region. Profiles are shown for two obser-
vation angles in Figures 4.13 and 4.14. 1In these figures
the first letter in the labels indicates the value of the
. mass scattering coefficient, S for single and D for double
2.32 x 10-*% cm?/gm of air.., The second letter in the labels
indicates the line strength in the atmosphere, S for single,

D for double, T for triple, and X for six times 1.06 x 10-°
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cm/gm éir. The last letter, S, indicates a surface pressure
of 1 atmosphere; therefore the two scattering optical
depths, which'are proportionallto the product of mass scat-
tering coefficient and surface pressure, are 0.24 and 0.48.
The absorption optical depths depend on the line profile at
all levels as well as the line strength in the atmosphere.
At the center of the weakest line the absorption optical
depth is 0.19. In this section the sets of lines that have
the same mass scattering coefficients and sﬁrface pressures,
but different line strengths in the afmospheres will be com-
pared. These sets are those profiles labeled SSS, SDS, STS,
and SXS and those profiles labeled DSS, DDS, DTS, and DXS.
At all DN the depths of the profiles are greater for the
stronger lines.

The half-widths of the lines at various zenith
angles of observation are shown in Figures 4.15 and 4.16.
That the half-widths are slightly larger for the stronger
lines is probably a result of thé exponential nature of
absorption as discussed earlier in explaining the fact that
synthetic lines are broader than the absorption coefficient
profile. At veryqlarge zenith angles the slightly narrower
half-width in the more strongly scattering atmosphere
(Figure U4.16) is probably due to the narrowness of the
absorption coefficient profile at high levels of the atmo-

sphere, an inhomogeneous effect.
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In Figures 4.17 and 4.18 the equivalent widths are
plotted for the various zenith angles of observation. At
all angles the equivalent width increases with line strength
in the atmosphere. It has been pointed out in Chapter I
that for weak lines the equivalent width increases linearly
with the product of line strength and amount of absorbing
material (equation 1.6) and for stfong lines the equivalent
‘width increases as the square-root of the products of line
strength and amount of absorbing material (equation 1.5).
Figures 4.19 and 4.20 are log-~log plots of the equivalent
width as a function of line strength for observations at
several zenith angles. The slopes of these curves are
between 1/2 and 1 and decrease with line strength in the
atmosphere. 1In a finite atmosphere light emerging at large
zenith angles tends to have traverséd longer paths than
light emerging at small angles, so that in the transiftion
region radiation observed at larger zenith angles is not
only more strongly absorbed (has a larger equivalent width)
but also has an equivalent width that increases less rapidly
with line strength. Because the equivalent width depends on
these interrelated factors it has not been possible to
develop a precise mathematical relationship between equiva-
lent width and the product of line strength, S, and the

fractional amount of absorbing material fa' Figures 4.19
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and 4.20, however, suggest the approximate relationship
W e (Sfa)q; the exponent ¢ is between 1/2 and 1 and de-
cfeases as (Sfa) increases and as effective thickness of the
~atmosphere increases.

Variation of Line Characteristics with Scattering
Thickness of the Atmosphere

Because gases have absorption lines at several wave-
lengths, it is of interest to investigate how the charac-
teristics of synthetic absorption profiles change with
scattering coefficient and the scattering optical thickness
of the atmospheres. Alsd, each line in a vibration-rotation
band is at a slightly different wavelength, and it is impor-
tant to determine whether the profiles of each line are
altered because of their slightly different scattering coef-
ficients. Absorptibn profiles are illustrated in Figures
4,13 and 4.14 for two scattering coefficients and at several
line strengths. In this section the profiles to be compared
are those formed in model atmospheres in which the scatter-
ing coefficients (indicated by the first letter in the
labels) are different but the line strengths (indicated by
the second letter in thé labels) and surface pressures (in-
dicated by the last letter in the labels) are the same.

Four pairs of profiles, SSS and DSS, SDS and DD3S, STS and
DTS, and SXS and DXS, can be compared. A Tirst letter S

stands for a mass scattering coefficient of 2.32 x 10-*
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cm?/gm of air and a first letter D stands for a mass scat-
tering coefficient twice as large. Since the surface pres-
sure for all the model atmospheres considered in Figures
4.13 and 4.14 is 1 atmosphere, the first letter in the label
also indicates-the scattering thickness of the atmosphere,

S for 0.24 and D for 0.48. The half-widths and equivalent
widths of the two pairs, SSS and DSS, and STS and DTS are
plotted in Figures 4.21 and 4.22. Only for observations
near the horizon are there significant differences between
the two lines of each pair; therefore, all lines in a
vibration-rotation band, where the difference in scattering
coefficient would be much smaller, can be modeled without
significant errors using the same scattering coefficient.
Although the line profiles are very similar, the
intensity of light reflected by a finite atmosphere in-~
creases with scattering thickness. The energy scattered in
an atmosphere with a larger scattering optical depth is
greater and a smaller fraction of the incident beam is di-
rectly transmitted. This effect appears very clearly in
Figure 4.23, where at small zenith angles of observation the
reflected intensity for the more strongly scattefihg atmo-
sphere even at line center (curve labeled DTS,C) is greater
that the intensity reflected in the wing'for the atmosphere
with a smaller scatﬁering depth (curve labeled STS,W). For

observations in the veftical the intensity from the strongly
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scattering atmosphere 1s almost double that from the weakly
scattering atmosphere. But at .large zenith angles the
reflected intensity in the wing 1s much less than twice as

large for the stronger scattering atmosphere because the

o

o factor increases the slant optical depth so that 1light

ﬁ
scattered from deep layers tends to be scattered into other

_ directions rather than being transmitted. When absorption
takes place, the situation is very complicated, but Figure
4,23 shows that the variation of intensity with angle is
smaller thén when there is no absorption. The profiles at
large zenith angles are deépest because the reflected in-
tensity in the wing is increased more than the intensity
reflected at absorbing frequencies. For observations nearly
along the horizon the narrower half-width of lines formed in
light reflected by the strongly scattering atmosphere pro-
bably is due to the fact that most of the reflected 1ight
traversed only higher ievels where the absorption profile

is narrower. For a terrestrial atmosphere with a non-
reflecting surface it is reasonable to conclude that obser-
vations of line profiles at smaller zenith angles (less than
65°) are not strongly dependent on scattering depth,
although the reflected intensities are. The differences
between lines observed at large zenith angles, which can be

considered to indicate whether the situation would be
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different in thick atmospheres, and at small zenith angles
suggest that some of the features of synthetic absorption
lines in the present model do not apply fto thick planetary
atmospheres. '

" Variation of Line Characteristics
with Surface Pressure

In explaining themq%ffgrences between line profiles
in the previous sections of this chapter, the finite thick-
. ness of the earth's atmosphére has been an important factor.
Since the lower surfaces of the major planets and Venus do
not affect observations at visible wavelengths primarily
because of their large scattering depths due to clouds and
the large thicknesses of their atmospheres, the interpreta-
tion of spectroscopic data for these planets should be based
on a model in which the scattering optical thickness is
large ehough that the synthetic line profiles do not change
significantly when the optical depths are further increased.
In order tb approximate these planets the terrestrial model
was allowed to extend to surface pressures of 2, 4, and 8
atmospheres. Line brofiles were based on the temperatures
and pressures that would exist in an extrapolated standard
terrestrial atmosphere. At the higher pressures of the
lower levels the absorption proflile becomes very nearly a

pressure-broadened Lorentz line.
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Because atmospheres with larger surface pressures
contain more scattering and absorbing mdlecules, the optical
depths are ihcreased. In order to determine whether the
absorption coefficient profiie alone, due‘to different tem-
peratures and pressures at each level,.changes the line
shape, synthetic absorption profiles formed in atmospheres
with the same scattering.optical depths and line strengths
but with surface pressures of 1 and 2 atmospheres are shown
in Figure 4.24. The first letter in the 1aﬁe1 again indi-
cates the value of the mass scattering coefficient, S for
2.32 x 10=* em?/gm of air and D for 4.64 x 10-" em®/gm of
air. The second letter indicates the 1line strength in the
atmosphere, S for single, D for double, T for triple, and X
for six times 1.06 x 10-° cm/gm of air. The last letters,
S and D, indicate surface pressures.of 1l and 2 atmospheres.
Since the scattering optical thickness of the atmosphere is
proportional to the product of the scattering coefficient
and surface pressure, halving one and doubling the other
preserves the value of scattering optical depth. Since the
absorption optiéal depth integrated across an absorption
line is proportional'to the product of the line strength and
the surface pressure, the absorption optical depth inte-
grated across an absorption line is also left unchanged if
the line strength is halved when the surface pressure is

doubled. In Figure U4.24 all the curves have the same
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scattering optical depth of 0.48; the pair DXS and STD have
an absorption optical depth integrated across an absorption
line three times as large as the pair SSD and DDS. For both
pairs the line profile for the atmosphere with -a larger sur-
face pressure (last letter in label is D) has a larger half-
width. This 1s true at -all zenith angles of observation
(Figure 4.25), but atlthe largest zenith angles the differ-~
ences are smaller. The equivalent widths (Figure M.26) are
also larger fdr lines formed in an atmoéphere wilith a larger
surface pressure due to greater absorption in the wings, but
the variations with angle are similar. The conclusion that
can be drawn is that for atmospheres with small to moderaﬁe
dptical depths the absorption coefficient profile at 1ow¢r
layers is more important in the line formation process for
observations at smaller zenith angles; that is, measurements
probe déeper into an étmosphere as the zenith angles of
observation approach the vertical.‘ This conclusion should
also apply to semi-infinite atmospheres because it is a re-
sult primarily of the slant optical depth to various levels.
The smaller the slant optical depth of a layer from the top
of the atmosphere the greatér‘its effect on the reflected
intensify. Therefore, light reflected in the wings tends
to have penetrated to deeper levels than light reflected
at frequencies where the optical depth is increased by

absorption.
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Synthetic line profiles in light reflected in

atmospheres with different masses or surface pressures are
shown in Figure 4.27 for observations at a small zenith
angle and in Figure 4.28 for observations at a large zenith
angle. In these figures the labels indicate the surface
pressures of the model atmospheres. The mass scattering
coefficient in all models is 2.32 x 10~* cm?/gm of air and
the absbrption line strength is 15.15 x 10~5% cm/gm of Oz.
The model atmosphere labeled 1 ATM here was'labeled STS in
the previous figures. The line profiles become deeper,
particularly in the wings, and broader as the atmosphere
becomes thicker. Some insight into the process of line
- formation can be acquired by cohsidering the variation of
intensity across an absorption line as shown in Figures 4.29
and 4.30. The addition of lower layers can only increase
the reflected intensities even at absorbing frequencies be-~
cause all }ight reflected in the upper atmosphere is un-
affected by the lower layers and some of the light scatftered
in upward directions at lower levels eventually emerges out
the top. The scattering opﬁical thickness of the model with
a surface pressure of 8 atmospheres is 1;92.. Therefore, at
non-absorbing frequencies less than 12 percent of the solar
beam incident at a zenith angle of 25° is directly trans-
mitted, and atvline center less than 2 percent of the inci-

dent sunlight is not scattered or absorbed in the atmosphere.
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For the relatively thin atmospheres considered earlier
(TS = 0.24) only about one—fourﬁh of the incident energy is
ever scattered and only about half of that is diffusely
reflected. In the wings the emergenﬁ intensities increase
proportionately mofe than at line center because the stron-
ger absofption at line center allows less light to penetrate
to deep layers and leés of the light reflected‘from deep
layers to emerge out of the top. In Figure 4.31 the con-
tributions due to each additional layer are more clearly
illustrated. These curves were obtained by subtraction of
intensities. Those labeled 2-1A, 4-2A, and 8-U4A represent
the contribﬁtions due to layers with pressures between 1
and 2, 2 and 4, and 4 and 8 atmospheres. The contribution
to intensity per layer of thickness 1 atmosphere is indi-
cated by the set of curves labeled 1 ATM, 2-14, 4-2/2, and
8-u/h, where 4—2/2 can be considered the average contribu-
tion by the third and fourth layers and 8-4/4 the average
contribution for layers five through éight. The conclusion
is that each additional layer makes a smaller contribution
to the total reflected intensity, particularly at line
center, than the layer immediately above. In the illus-
trated example, addition of the eighth layer increased the
reflected intensity by about 4 percent in the. wings and 3
percent at line center. Therefore the characteristics of

the line profile are still being significantly altered, and
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more layers should be added to the model atmosphere to
produce synthétic absorption lines to compare with measured
lines emerging from very thick atmospheres. But because of
1limits on computing time it is not practical to perform
calculations for atmospheres with scattering optical depths
greater than 2. The reflected intensity in the wing and at
line center as a function of zenith ahgle of observation is
plotted in Figures 14.32 and #.33. As the thickness of the
atmosphere is increased, the shape of these curves resemble
more and more the variation of intensity from a single-
scattering Rayleigh atmosphere because the finite thickness
of the atmosphefe, which gave a much larger intensity
reflected at large zenith angles, no longer dominates the
variation of intensity. Multiple scattering, of course,
tends to make the total reflected intensities differ from
the variation predicted on the basis of a single-scattering
Rayleigh atmosphere. At frequencies where the absorption is
moderate or strong the intensity reflected along the horizon
is not significaﬁtly increased by the addition of lower
layers, but in the wings the intensity does increase. Most
of this increase is probably due to radiation that was
scattered last at high levels, but came from lower layers
along more vertical paths becaﬁse along the horizon the
optical depths of lower layers are large and favor re-

scattering rather than transmission of radiation.
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In Figure 4.34 the half-widths are plotted as a
function of the zenith angle of observation. At large
angles the increase of half-width with atmospheric thickness
is small, indicating again that at these angles the top
layers determine the line profile, the small increase in
half-width is pfobably due to multiply scattered light that
has passed through lower layers. Except for large observa-
tion angles the variation of half-width i1s small. If these
half-widths are assumed to give a mean 1evei of line forma-
tion at a pressure level for which the absorption coeffi-
cient has the same half-width as the synthetic absorption

line, the approximate pressure levels are given in Table 2.

Table 2. Mean Level of Line Formation
from Observed Half-Widths

Surfaée Observed Line Formation
Pressure Half Pressure Level
(atm) Width (atm)
1 0.7 . 0.35
2 0.95 0.65
4 1.25 1.0
8 1.7 1.6

It was pointed out earlier that synthetic absorption lines
have broader profiles than the absorption coefficilent. If

an allowance 1s made for the broadening of the synthetic
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profiles, the estimated pressure at the mean level of line
formation would be even smaller than that listed in Table 2.
That these values of pressure at the mean level of line for-
mation are less than half of the surface pressures shows
that higher levels of the atmosphere are more important in
the formation of the central part of absorption lines even
at small zehith angles, but the addition of lower layers 1is
s8till significant for scattering optical depths up to at
least 2 and moderate line strengths.

The equivalent width as a function of observational
zenith angle is plotted in Figure k.35, As the thickness of
the atmosphere increases, the trend in variation with angle
suggests that, for very thick atmospheres, the maximum equi-
valent width would occur for observations in the vertical.
This is in agreement with the results of Chamberlain and
Kuiper (1956) and Chamberlain (1965) for the phase variation
of equivaient width, W « (us + uo), in a semi-infinite,
homogeneous, isotropically scattering atmosphere. The major
success of the scattering model was its explanation of this
observed phase vsriation, but it is seen here that it is, in
fact, the large scattering thiekness which leads to the ob-
served phase variation. The increase of equivalent width
with surface pressure at a particular angle of observation
can be expressed as W « pa where p is the surface pressure

in atmospheres and the‘power a decreases slowly with
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pressure. Thils variation corresponds with that shown in
Figures 4.19 and 4.20 for the increase of equivalent width
with line strength, but now the increase is due to longer
.paths through the atmosphere and greater absorption coeffi-
cients in the wing at lower levels. The extended wing ab-
sorption for lines formed in atmospheres with higher surface
pressures can be clearly seen in Figures U4.27 and 4.28. As
pointed out in the Study of semi-infinite atmospheres by
Belton, Hunten and Goody (1968) the value of the single-
scattering albedo used for the continuum can have a signifi-
cant effect on the equivalent width because it determines
the reflected intensity at frequencies outside the line. It
has been shown here that when the mass of the atmosphere is
increased, the reflected intensity increases most in the
wings or continuum where the absorption coefficient is
smallest. Apparently at non-absorbing frequencies a signif-
icant amount of reflected radiation penetrates to very large
optical depths, suggesting that information about deep
levels of an atmosphere may be contained in observations of
very weak absorption lines. But the interpretation of spec-
froscopic measurements.for thick atmospheres using synthetic
line profiles is a very difficult problem that probably will
not be solved until some method for solving the transfer
equation more rapidly for a thick, inhomogeneous atmosphere

is developed.
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Synthetic Absorption Lines in an Atmosphere
with Surface Reflection

In the previous section it has been shown that thick
planetary atmospheres can not be accurately simulated with
the numeriéal model that has been developed. The method is
useful, however, for studying atmospheres with Rayleigh
scattering optical thicknesses less than about 2. The most
important atmosphere that meets this criterion is the
earth's, which at visible wavelengths has a -molecular scat-
tering optical depth of from 0.02 at a wavelength of about
0.8 microns to 1.0 at a wavelength near 0.3 microns. A
large part of the incident Suniight is directly transmitted
through an atmosphere of small to moderate optical thickness.
Therefore reflection b& the surface has a considerable
effect on refleéted‘intensiﬁies, and it is appropfiate to
investigate the variations in the characteristics of absorp-
tion lines observed in sunlight reflected from a planet with
a partially reflecting surface. It may also be possible to
approximate thick ﬁlanetary atmospheres using the present
model by assuming that they consist of a weakly scattering
upper layer of small dptical thickness above a strongly
scattering cloud layer that can be treated as é partially
reflecting surface.

In Figures 4.36 and 4.37 line profiles are shown for

light reflected by the model terrestrial atmosphere with a



1/1

......__o..__.O

0.3f —%—0.10 ]
—+—0.25
0.2} 0
0.1l B = 25° &5 =0° |
B, = 35° ¢, = 180°
O"O ! i 1
0.0 1.0 2.0 3.0 4.0

DNU/ALPHRO

Figure 4.36 Synthetic Lines for Atmospheres with Surface
Reflection, Small Zenith Angle of Observation.



171

By = 25° 45 =0° |
B, = 75° ¢, = 180°

0.0 1.0 2.0 3.0 4.0

ONU/ALPHAC

Figure 4.37 Synthetic Lines for Atmospheres with Surface
Reflection, Large Zenith Angle of Observation.



141
lower surface reflecting according to Lambert'!s law. The
curve labeled 0 is the profile that would be observed when
the surface is totally absorbing, and the labels for the
other three curves correspond to surface reflectivities of
0.1, 0.25, and 0.75. An identical overlying atmosphere with
a mass scattering coefficient of 2.32 x 10~" cm®/gm of air
and an absorption line strength of 15.154x 10-° cm/gm of O,
was used in all four cases. It can be seen that the absorp-
tion lines become deeper and therefore have‘larger equiva-
lent widths as the surface reflectivity increases, but the
variation of equivalent width with zenith angle of observa-
tion, as shown in Figure 4.38, does not change significant-
ly. The half-width élso becomes larger as the surface re-
flectivity increaseé; its variation with zenith angle,
illustrated in Figure 4.39, is similar for all surface
reflectivities.

The wvariation of total reflected intensity across an
absorption line is illustrated in Figures 4.40 and 4.41,
The energy_reflected by the surface can only increase the
total reflected intensity because, if the energy incident
on the surface is not reflected, it will be absorbed and
does not contribute to the reflected intensities., Plotted
in Figures 4.42 and 4.43 are the components of intensity due
to surface reflection; they were evaluated by subtracting

the intensity reflected by the model atmosphere with a
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totally absorbing surface from the intensity reflected at .
the same angle by the model atmospheres with partially
reflecting surfaces. The curve labeled 0 in these two
figures is the component of total reflected intensity due
to atmospheric scattering alone. It can be seen in Figures
4,42 and 4.43 that the increase in reflected intensity due
to surface reflection and the component of intensity due to
atmospheric scattering are of the same magnitude. It can
. also be seen thét the surface reflected component is a
smaller fraction of the total reflected intensity at line
center than in the wings. In Figure 4.43, for example, the
curves for 0 and .75-0 are nearly equal at line center, but
in the wing the surface reflected component is more than
twice as large as the atmospheric scattering component of
intensity. The explanation for this observation is that all
energy feflected at the surface must pass through the entire
atmosphere twice while that reflected in the atmosphere can
have a much shorter path. Due to the longer path, attenua-
tion at line center.will be greater for the surface re-
flected component. The angular variations of emergent
intensity in the wing, at line center, and at an inter-
mediate frequency are plotted in Figure 4.44, At line
center and large zenith angles the optical depth is so great
that only a small amount of energy reflected at the surface

is transmitted out the top of the atmosphere.
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Due to the rather small optical thickness of the
atmosphere in the present example, a major contribution to
the total emergent intensity is sunlight that is transmitted
through the atmosphere without being scattered, is reflected
at the surface, and then is transmitted back through the
atmosphere. This component of intensity, IvD’ can be ex-
pressed for unit normal incident sélar flux by

_Tvl/“s _Tvl/“o

I,p = Hg © B , (4.7)

Where R is the surface reflectivity and Tyl is the optical

thickness of the atmosphere. At 6_ equal to 25°, @

5 equal

o
to 35° and Ty1 equal to 0.24, Ip has a value of .165R, which
means that at these angles one-fourth to one-half of the
total reflected light in the wings is due to directly
transmitted sunlight. (See Figure 4.40.) As the slant
optical depth, Tvl/ﬁo’ increases the component of emergent
radiation due to directly transmitted sunlight decreases
becoming a smaller fraction of the emergent intensity.

Using equation 4.7 with appropriate values of fvl’ a line
profile for diréctly transmitted sunlight IvD’ can be de-
fined. This profile has a larger half-width and equivalent
width than the profile in light reflected by the atmosphere

alone because radiation scattered in the atmosphere tends to

have a shorter optical .path since much of it does not
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traverse the lower levels. Because a large part of the
emergent radiation is directly transmitted sunlight re-
flected at the surface, the profile should be broadened
and deepened. The synthétic profiles show this effect.
Light reflected by the surface and also écattered in the
atmosphere has an even longer path leading to stronger ab-
sorption and, therefore, an even greater equivalent width.
Light scattered back and forth several times between the
atmosphere and the surface before finally emerging out the
top has a relatively long path in the lowest layers and
would tend to increase the half-width of the profile as well
as the equivalent width. <

Whilg the direct solar component can be used to
partially explain the calculated variations of line charac-
teristics, it is a linear function of surface reflectivity,
R. (See equation 4.7.) The total effect of a partially
reflecting surface, however, is non-linear in R because the
surface can reflect photons more than once. If the proba-
bility for a photon reflected at the surface to emerge out
the top of an atmosphere is represented by U, then the
probability of that photon striking the surface again is
(L - U - A), where A is the probability that the photon will
be absorbed before emerging out of either the top or the
bottom of the atmosphere. The total energy reflected at

the surface and transmitted out the top of the atmosphere,
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F#, can be expressed by

o F_RU
¢ = F_ ] RM1-U-m)"lu = 3

(4.8)
€ n=1 1 - (1-U-A)R

where R 1s the surface reflectivity and Fg is the flux of
radiation incident on the ground due to photons that have
not hit it before. Each term in the sum is the contribution
to the emergent flux by photons reflected n times at the
surface. At a pérticular frequency U and A are constants,'
so that for a large surface reflectivity, RL’ the non-linear
terms (n > 1) increase the total reflected intensity rela-
tively more than for‘small reflectivity,.RS. Therefore, the
ratio of reflected intensities due to surface reflection is
greater than RL/RS. Physically this is just a consequence
of the fact that, when the surface has a high reflectivity,
photons'can be reflected many more times by the surface
before a given fraction of them are absorbed, and after each
reflection the probability of escape is the same. This non-
linearity can be verified by referring to Figures 4.42 and
4,43 where, for example;.the increase for R equals 0.75 is
more than three times the increase when R is 0.25. The
values of U and A are determined by'the optical thickness of
‘the atmosphere. For frequencies approaching line center A

becomes larger and U smaller. By differentiation of



153
equation 4f8 it can be verified that both of these changes
decrease the amount of surface reflected energy that
emerges.

The total reflected intensity from a planetary atmo-
sphere has been divided into two components, light scattered
in the atmosphere only, and light that has been reflected by
the lower surfaée. A part of the latter component is sur-
face reflected sunlight that is not scattered in the atmo-
sphere. For atmospheres with very small scattering optical
thicknesses the component of intensity due to sunlight
reflected at the surface is dominant; for atmospheres with
‘very large optical thicknesses, especially if there is some
absorption, the component due to atmospheric scattering is
dominant. For the earth's_atmospﬁere both atmospheric and
surface reflected components contribute significantly and
the absbrption line characteristics depend on both. Since
the relative contributions of each component change across
an absorption line and since the surface reflection compo-
nent is non-linear in surfaée reflectivity, any change in
surface reflectivity or the properties of the atmosphere
require a completely new solution. The numerical method
that has been developed can be used to produce synthetic
absorption lines for any reasonable terrestrial problem in-

volving only Rayleigh scattering.
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Comparison with Other Models

It is possible to compare the.present model with the
reflecting layer model. If it is assumed that the synthetic
profiles are real absorption lines that can be observed, the
equivalent widths and half-widths of the synthetic profiles
would be the measured equivalent widths and half-widths of
the observed lines. These "measurements" could be inter-
preted using the reflecting layer tﬁeory.. For example, the
synthetic profile for the model atmosphere with a line
strength of 1.515 x 10-* em/gm O,, an amount of O, in a
vertical column of unit cross-section of 2.17 x 102 gm
Oz/cmz, a surface pressure of 1 atmosphere, a surface re-
flectivity of 0.25, and a solar zenith angle of 25° (curves
labeled .25 in Figure 4.38 and 4.39) has, at a zenith angle
of observation of 35° in the half-plane containing the sun,
an equiﬁalent width, W, of 1.20 o  or 5.67 x 1072 em~! and
a half-width of 0.88 a_ or .14 x 1072 em~!. In order to
apply the reflecting layer theory to these "measurements"
these values of equivalent width and half-width can be used
in equation 1.5 or 1.6 for W and 1> and an amount of 0, in
a vertical column of unit cross-section can be determined.
If the line were in the weak line limit the amount of 0, in
a vertical column would be 1.61 x 10? gm 0,/cm?, and if the
line were in the strong line limit the amount of 0, would be

0.55 x 102 gm 0,/cm®. Since the line is in the transition
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region the amount of O would be between these limits;
therefore, the amount of Oz_deduced by applying the reflect-
ing layer theory to this "measurement" is smaller than the
amount of 0, actually used in the model atmosphere that
produced this synthetic line by a factor of between 1/4 and
3/4. Other synthetic lines interpreted similarly using the
reflecting layer theory show that the amount determined
using equations 1.5 and 1.6 tends to be an underestimate of
the amount of absorbing material, but usualiy by less than
an order of magnitude. These comparisons also indicate that
for the models considered atmospheric scattering causes fhe
equivalent width to be smaller than it would be for a finite
but non-scattering atmosphere containing the same amount of
absorbing material.

A comparison between the amount of absorbing
materiai obtained using the present model and the specific
amount of absorbing material obtained using the other scat-
tering models has not been made because all the other
scattering models apply to semi-infinite atmospheres, in
which case the specific amount,of absorbing material is the
amount above some mean depth of penetration. This mean
depth of penetration depends in part on the continuum
albedo; therefore, the relationship between equivalent width

and specific amount depends on the mean depth of penetration



156
or the continuum albedo. In the present model the amount of
absorbing material refers to the total amount in the atmo-
sphere above the lower boundary, and the equivalent width
depends on the thickness of the atmosphere. It is not clear
how the depth of penetration in a semi-infinite atmosphere
can be related to the finite thickness of the present model
atmosphere. Therefore, the two different quantities that
are determined, the specific amount for a semi-infinite
atmosphere and the total amount in'a finiteAatmosphere,
could not be meaningfully compared.

- Variation of Polarization across
.an Absorption Line

The solution of the radiative transfer equation in
vector form gives'more information than total intensities.
A parameter that has been measured for planetary atmospheres
and for the earth is the degree of polarization. Figures
4.45 and 4.46 show the variation of degree of polarization
across an absorption line at several observation angles.
The data are for the model labeled SXS eaflier, but the
variationslare similar in all models. The solar zenith and
azimuth angles are 25° and 0°, respectively, so that for
single Rayleigh scattering the polarization should be a
maximum of 100 per cent in directions perpendicular to the
incident beam, for example, eo equal to 65° and ¢o equal 0°

and a minimum of 0 in the backscattered direction, 55 equal
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25° and ¢o equal 180°. The variation of polarization with
angle is in this sense, but the values do'not reach the
extremes because of multiple scattering; Singly-scattered
light is a larger fraction of the emergent intensity at line
center than in the ﬁings because multiply—écattered light,
which tends to have a longer -path, is more strongly absorbed.
The calculations show that the per cent polarizations at all
observation»angles except the angle of direqt backscattering
are a maximum at line center; therefore the degree of polar-
ization of singly-scattered light must be greater than the
degree of polarization of multiply-scattered light. For
thicker atmospheres there should be relatively more
multiply~scattered emergent radiation, particularly in the
wings. The variations in the degree of pqlarization across
absorption lines illustrated in Figure 4.47 show that the
per ceﬁt polarization decreases as the surface pressure of
the model atmosphere increases; this result confirms the
conclusion that at this angle multiply-scattered light has a
smaller degree of polarization than singly-scattered light.‘
The effects of dilution by unpolarized surfade reflected
light is apparent in Figure 4.48. When light reflected by
a Lambert surface 1s added to the model, some of the un-
polarized light reflected at the surface is directly trans-

mitted out the top in all directions. It is concluded that
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for Rayleigh scattering, the largest polarizations should be
found in directions perpendicular to the incident beam for
atmospheres with small scattering optical depth, no surface

reflection, and at the centers of strong absorption lines.



CHAPTER V

SUMMARY OF RESULTS AND POSSIBLE
IMPROVEMENTS OF THE MODEL

Since the lengthy discussion of the previous
chapters has probably obscured some of the more important

results they are gathered together here.

Summary of Results

The development of the numerical model used through-
out this dissertation to produce synthetic absorption lines
is a significant accomplishment in itself. The use of a
Voigt absorption profile with different Lorentz and Doppler
widths at each level is of particular importance because the
broadening of absorption coefficient profiles in planetary
atmospheres causes significant alterations to absorption
spectra observed in scattered sunlight. While there are
many limitations on the applications of the method, with
further development its usefulness could be greatly in-
creased.

An important concept that has been demonstrated is
that a pressure-broadened Lorentz profile is not a reason-

able line shape at low pressures, that is, at high levels of

163
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the atmosphere. Due to the combined effects of temperature
and pressure broadening a Voigt profile gives a much more
representative line shape that should be used for absorption
near the top of the atmosphere.

The 1lnvestigation in Chapter IV followed the proce-
dure of comparing synthetic spectra for model atmospheres
that differed from each other in specific ways. Synthetic
absorption lines formed in homogeneous and inhomogeneous
atmospheres have significant differences. In an inhomoge-
neous atmosphere the central part of the lines, where the
absorption coefficient is largest, hés‘characteristics most
representative of the higher layers, while in the wings
light tends to penetrate to deeper levels. Synthetic spec-
.tra formed ﬁsing a homogeneous model may not correspond to
absorption lines 1n spectra observed from a planetary
atmosphére. If the synthetic line has the same half-width
as the observed line, the equivalent ﬁidth and therefore the
amount of absorbing material will be underestimated.

Because of the exponential nature of absorption it
was shown that, for a homogeneous atmosphere, the line pro-
file in reflected light must be broader than the correspond-
ing absorption coefficient profile. For the same reasons
synthetic absorption lines in light reflected from inhomoge-

neous atmospheres are also broadened.
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The principle of reciprocity whereby the synthetic
line shape is unchanged when the directions of incident sun-
light and observation are interchanged was verified by the
numerical results.

The changes in line profile with small to moderate
changes in scattering optical thickness are small, except
for observations at large zenith angles, implying that one
scattering optical debth can be used across a line and even
for all lines in a band without significant.errors.

For absorption lines of moderate strength the
relationship between the equivalent width, W, and the
product of line strength, S, énd fractional amount of
absorbing material, f_, can be writfen as W « (Sfa)q where
q is between 1/2 and 1 and decreases with line strength and
observation anéle.

‘As the pressure thickness of an atmosphere with a
non-reflecting lowér surface increases the reflected in-
tensities also increaseT At line center the increase in
intensity due to lower layers is small because radiation is
strongly absorbed in passing through upper layers, but at
weakly absorbing frequenciles a significant portion of the

:reflected energy comes from the loﬁest layers. Silnce the
depth of a line profile depends on the intensity reflected
in the continuum, equivalent widths increase with atmo-

spheric mass.
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Because of limits on computing time fhe scattering
thickness of the atmosphere must be limited. The optical
depth necessary to determine the reflected intensity in the
continuum for thick atmospheres is greater than this limit.
One of the major goals at the outset was the development of
a model that could be used to interpret spectroscopic mea-
surements for thick planetary atmospheres, but the model as
developed does not meet this objective.

Radiation reflected by the surface becomes a large
part of the reflected intensity as the optical thickness of
the atmosphere decreases. Surface reflected light tends to
deepen and broaden synthetic absorption profiles. The
optical thickﬁess of the terrestrial atmosphere is small

enough that ground reflection cannot be ignored.

Improvements of the Model

Through a study of a hypothétical atmosphere a gréat
deal has been iearned about the formation of absorption
lines in scattering atmospheres and much more can be learned
from similar studies. The characteristics of synthetic
absorption lines in diffusely.transmitted sunlight have not
been discussed although the data ié available for the model
atmospheres studied in this dissertation. The model can be
improved by‘eliminating soﬁe of the simplifying assumptions.
Several factors that have been ignored so far could be in-

cluded with only minor changes in the model. Many absorbing



167
gases have unique and sometimes variable distributions with
height. The vertical variation of temperature at any time
is different from that specified by a standard atmosphere,
and the line strength is generally dependent on temperature.
FEach of these three complications could be allowed forvin a
straightforward manner. Any specified distribution of tem-
perature and absorbing ﬁaterial could be used to determine
the single-scattering albedo at each level, and correspond-
ing synthetic spectra could be produced. Héw sensitive
absorption line characteristics are to any of these changes
has not yet been determined.

The atmospheres of the earth and many planets
contain clouds, dust, and other aerosols which are not
Rayleigh scatterers of visible light. To allow for these
particles would require extensive modifications of the nu-
merical‘model because a different method must be used to
solve the transfer equation. The technique of Herman and
Browning (1965) solves the transfer equation for a finite
atmosphere containing aerosols if a phase matrix can be
defined. This method requires more computing time, but it
can be applied to almost any terrestrial situation. Whether
the characteristics of absorption lines depend on the scat-
tering phase function could be easily détermined by compar-
ing profiles formed'in an atmosphere with and without

non-Rayleigh scatterers. If the profiles are dependent on
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scattering phase function, measurements aﬁ absorbing and
non-absorbing frequencies may reveal information about the
aerosols.

The ground has been considered to be a Lambert
reflector, but measurements show that radiation reflected by
the ground is generally nelther isotroplc nor unpolarized.
It would be very difficult to properly modify the numerical
model to account for ground reflection better because the
transfer equation woﬁld have to be solved separately for
many directions of ground reflected light. Also, surface
materials have unique reflective properties which depend on
the material and the state of the incident light. The view-
point taken at present and without supporting evidence is
that, although intensities will depend on the nature of sur-
face reflection, the synthetic absorption profilés will be
nearly correct if the surface is treated as a Lambert
reflector at all frequencies across the.line.

It is doubtful.whether the method of synthetic
spectra can be used to interpfet'measurements of spectra
observed in diffusely reflected or transmitted sunlight be-
cause the characteristics of synthetic absorption lines
depend on so many variables. 1In this dissertation the char-
acteristics have been shown to depend on the shape of the
absorption coefficient profile at each level, on the direc-

tion of observation, oﬁ the zenith angle of the sun, on the
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scattering optical depth of the atmosphere,‘on the absorp-
tion line strength, on the amount of absorbing material, on
the pressure thickness of the atmosphere, and on the amount
of surface reflection. In addition the characteristics of
synthetic absorption lines would be expected to depend on
the vertical distribution of absorbing material and tempera-
ture, on the scattering phase function, which depends on the
properties and vertical distribution of aerosols, and on the
nature of surface reflection. Horizontal inhomogeneity
would probably also alter absorption profiles obsefved in
diffuse light. Since the shape of a synthetic absorption
line depends on so many vafiables it is reasonable to expect
that many different model atmospheres could be found that
all produce synthetié spectra-that match any one observed
spectrum; that is, the method of synthetic spectra may not
produce'a unique solution. Nevertheless, it i1s valuable to
know how all these changes in the structure of an atmosphere

affect the shape of absorption line profiles.






