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PREFACE

The 1IRIA (Infrared Information and Anilysis) Center is a Department of Defense
information and analysis center operated by the Environmental Research Institute of
Michigan (ERIM) under contract to the Office of Maval Research. Its mission is to
collect, analyze, and disseminate to authorized recipients information concerning in-
frared and elcciro-optical research and geveicpment. To this end, the IRIA Center
publishes and distributes IRIA Annotated Bibliographies, the infrared Newsletter,
IRIA Data Compilations, the Proceedings of the Infrared Information Symposia
(Proc IRIS), the proceedings and/or minutes of the meetings of the six Specialty
Groups of IRIS, IRIA State -of -the -Art Reports, and procecdings of the DoD Confer-
ences on Laser Technology. The center serves as a national reference library in
military infrared technology, offering assistance and advice to visitors having the
appropriate clearances and need-to-know. Special bibliographies and searches are
prepared for IRIA -IRIS members upon request.

All IRIA -IRIS publications through 1 February 1971 are available rom the De-
fense Documentation Center (DDC). Since that date, such publications are available
or.y from the IRIA Center on a service charge basis. Membership in IRIA-IRIS is
available by annual subscription, and includes receipt of ducuments as they are
published. '

Inquiries concerning the annual subscription plan should be directed to:

IRTA Center

Environmental Research Institute of Michigan
P. O. Box 618

Ann Arbor, Michigan 48107

Telephone (313) $83-0500 Ext. 281

Department of Defense Agencies desiring to join IRIA-IRIS should write:

Office of Naval Research
Boston Branch Office
495 Summer St.

Bogston, MA 02210

Attn: Mr. T. B. Dowd
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FOREWORD

Approximately eight years ago the Environmental Research Institute of
Michigan's (ERIM) Infrared Information anad Analysis (IRTA) Center supported, under
contract to the Navy, an effort to produce a State-of -the-Art Report covering methods
of calculating atmospheric transmittance usirg band-models. In the Intervening
years many investigators have been busy either 'n Improving band-model methods or
producing olher techniques for calculating atmospheric transmittance. It was con-
sidered appropriate, thereofore, to lavestigate the present state-of~the-art and publish
a report describing it.

The result of this investigatior. is the gubject matter contained in this volume.
This effort was also supported through IRIA by the U. S. Navy under ONR Contracts
N0O0014-73-A-0321-0002 and N00214-74-C-0285. Technical monitor for the proje~t
was Dr. Willlam J. Condell, Director of the¢ Physice Program, Office of Naval

Research.

This report goes beyond simply demonstrating methods for calcalating transmit-
tance. Since the major work described in many of the efforts cited in the report has
been directed toward determining the transfer of radiation in the atmosphere, it was
recognized that the state-of-the-art encompasses the whole concept of radiative
transfer. No one has yet golved the total problem of radiative transfer, nor do we
propose to try to show how it 1s done here. We have been satisfied to separate the
problem into two major categorics, that of scattering, aad that of absorption; and
present an overview of how people are currently trying to achieve results incorporat-
ing the most accurate {(or most convenient) approximations in the simplest or least

costly ways possible.
This report differs, then, from the previous one in two important ways. It covers
the entire problem of radiative transfer rather than just transmittance, and it covers

techniques which go beyond mere calculation with mere-or-less simple band models.
The cut-off period for the material contained in this report s approximately
mid-1974.

Because of the assistance they rendered in the compilation of this report, we
would like to acknowledgze the efforts of Mrs. Grace Teng for attending to many of
the details of computation and assembly, and Mrs. Rose Coleman for typing the
rough manuscript. We very much appreclate the fact that the manuscript was

° Picco?i21 pago blank
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critically reviewed by Dr. George Zissis, Direstor of RIA, and by other recugnized
experts in the field of radiative transfer outside of our laboratory. For thelr part
in reviewing the manupcript, we wish to thank Dr. S. Roland Drayson of the Univer-
sity of Michigan's Department of Atmaspheric and Oceanie Science; i, Aharon
Goldman of the University of Denver’s Department of Physics and Astronowiy; and
Dr. Benjamin M. Herman of the University of Arizona's Institute of Atmospheric

Physics. The responsibility for any discrepancies that have eluded their scrutiny is

naturally assumed by the authors.
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ATMOSPHERIC TRANSMITTANCE AND RADIANCE:
METHODS OF CALCULATIONS

1
INTRODUCTION - DESIGN AND USE OF THE REPORT

1.1 PURPOSE AND SCOPE _
This report has three major objectives: {1) to bring current awareness of the various tech-

niques for calculating atriospheric transmittance and atmospheric radiance up to date; (2) to
assist the designer of military systems in studies of systems effectiveness: and (3) by as-
sembling a variety of calculation techniques and auxiliary inforimation, to make a report gen-
erally ugeful in the comparison and assessment of such methods by anyone seeking atmospheric

transmittance and radiance calculations.

It vas not intended that the user be able to make calculations directly from the material
in the report. Although to do so would be very useful, a far greater, and ¢bviously infeasible,
effort would have been required than was expended in the construction of this report. Most
of the methods covered require the use of complicated programs, some of which are not
universally available, and would, in addition, probably not be too useful without consultation
or extensive documentaticn from the originator. On tiie other hand, we would hope that it
is possible, on the basis of the material presented here, for the user to choose the technique
best suited to his needs and resources, and make whatever arrangements are needed to per-
form a successful calculation. We do not presume, furthermore, to present complate information
covering the complex field of radiative transfer. This would certainly take the report beyond
its scope, which 18 to review the state-of-the-art of methods of calculating atmospheric trans-

nmitiance and radiance.

1.2 OVERVIEW OF REPORT

Early in 1967, IRIA published its first state-of-the-art report covering atmospheric
phenomena [1] . Since then the activity in this fiel has been considerable; sufficiently so
that the early report no longer describes the state-of-the-art. It is considered timely,
therefore, to update the old report which has served a very useful purpose over this span of
elght years, Because of the scope of activity in this field, this requires, however, more than
just a substitution of new data for old. For example, whereas the old report concentrated
exclusively on the calculation of molecular absorption through the use of band mcdels, we

now also consider the radiative properties of the atmosphere. 'These are important to the
|

1. D. Anding, Band Model Mcthods for Computing Atmospheric Siant-Path Moizcular Ab-
sorption, Rept. No. 7142-21-T, Willow Run Ladoratories of the Institute of Science and
Techrology, University of Michigan, Ann Arbor, 1867,
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field experimenter in the discrimination between signals from discrete radlators and the
atiaospheric background, and to the meteorologist in studies of radiative transfer, This
repors also includes the effect of particles in the atmosphere, both in their effect on simple
extinction of radiation and in multiple scattering.

To distinguish further between this and the original report, the total dependence on band
models for atmospheric absorption has been rendered needless because the old arguments
for avoiding molecular line-by-line calculations now have less validity. One reason is that
high-speed calculations can be done more cheaply than before since they can be performed
more efficiently with modern hardware and software. Many investigators have developed
elaborate programs for making such calculations, Anothier reason is that more and better
data are available on line parameters, and more confidence, therefore, can be placed in
their use. By no means, however, have band models been discarded, and they remain the
best methods by which calculations can be made where cost-and time are inportant and some
accuracy can be compromised.

Persons with experience in the field of atmospheric phehomena will notice that we have
virtually aveided the huge mass of European and other foreign literature in assembling this
report. Unfortunately this represents a significant void, especially from the standpoint of
the Russian and Japanese work in this area. Limitations on time and resources, however,
prevented broadening the scope of the effert to include these valuable additions. The reader
is referred to the various international conferences, such as the one recently held at the
University of California [2].

Because of the traditional approaches to the study of these atmospheric radiation mech-
anisms, they have come to be more-or-less associated with different spectral regions;
absorption is generally assigned to the infrared, and scattering to the visible, with some
degree of overlap in the near-infrared region. This disassociation is retzined in the report,
and is manifest essentially in the separation of the report into two parts, one devoted to
molecular absorption, the other to multiple scattering. However, those models which treat
single scattering as just another extinction mechanism to supplement molecular absorption,
retain thelr integrity.

This report follows the pattern of the previous state-of-the-art report. Each model is
presented in as much detail as is needed to describe it amply without overburdening the
report. It is impossible, in attempting to cover a field that is moving so rapldly and that cuts

2. J. G. Kuriyan (ed\), The UCLA Intcrnational Conference on Radiation and Remote Prob-
ing of the Atmospere, UCLA, Los Angeles, August 1973,

20

RS R o SR AT




[I”!"
Sy
FORMERLY WILLOW RUN LABORATORILS. Trd UN VERSIT/ OF MICHIGAMN

across so many disciplines, not to have omitted, in some cases, important Ipformation®*.

Rectifications for such omissions can be made in future up-dating of the state-of-knowledge.

1.3 SECTION-BY-SECTION REVIEWS

1.3.1 SECTION 2. RADIATIVE TRANSFER THEORY

This section is devoted to a treatment of the general equation of radiative transfer. The
emphasis in describing the set-up of the equation is toward scattering, because the greatest
complexity in the solution of the equation is in its scattering phase. Indeed, the foremost
facet in the solution of the radiative transfer equation is its geometrical complexity, which
tests the ingenuity of the investigator in attempting to derive cost-saving methods of com-

putation which retain an acceptable degree of accuracy,

'l‘hé tutorial approach to Section 2 was intended to help the uninitiated user to become
sufficiently based in understanding of the essential theory and nomenclature to help him
understand more thoroughly the relatively complex ideas to be presented in later sections.

1.3.2 SECTION 3. METHODS OF CALCULATING RADIATIVE
TRANSFER FOR SCATTERING

Certainly many man-hours of effort have been spent in recent years on the development
of various computational methods for the sointion of radiative-transfer problems. In spite
of all this work, however, there remain many "unsolved" prcbleme. They are unsolved in
the sense that: (1) an exact mathematical solution may not exist; (2) the computation time is
80 long that a rzasonably accurate solution is not feasible; or (3) the mathematical formula-
tion of the problem has not been sufficiently developed. Our interest here is aot ¥0 much
in the specification and analysis of theoretical models of radiative transfer per se, but
rather in the description of reasonable computation methods which can be used in the develop-
ment of or use ol a comprehensive atmospheric radiative-transfer model.

* To get some idea of the scope of this subject one need only refer to the bibliography of
Howard and Garing [ 3] , with approximately 750 entries covering only about three years work,
and that of Laulainen [ 4] with over 1300 entries covering a 30-year period [5].

3. J. N. Howard and J. Garing, "Atmospheric Optics and Radiative Transfer," EGS, Vol.
$2, No. 6, IUGG 371, June 1971,

4. N. Lailainen, Projoct ASTRA, Astronomical and Space Techniques for Research on the
Atmosgphere, ABGTRA Publication No. 18, University of Warhington, Secattle, 1672,

8. N. Laulainen, "Bibliography of the Spectra of Atmoepheric Minor Cases,"” Appi. Opt.,
Vol. 12, No. 3, 1973, p. 617,
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The computation methods reviewed are as follows:
1. exact solutions
2, iterative method

. spherical harmonics method

discrete ordinates method

-

invariant imbedding technique
doubling technique

moment methods

. Monte Carlo method

. Schuster-Schwarzchild method
10. Eddington's method

11, Romanova's method -

12, Turner's method. ,
The format in presenting scattering methods is thus somewhat different from that for absorp-

tion, in that the goal in the absorption methods is actually to produce transmittance and ra-
diance models, in addition to reviewing the raathematical techniques.

1.3.3 SECTION 4. THEORY OF ATMOSPHERIC ABSORPTION

After reviewing the radiative transfer equation, we discuss the formal solution, showing
that the important part is integration over wavelength or frequency, inasmuch as the very
large spectral variation in the absorption coefficient requires the use of numerical methods.
This presents a dufferent format than for scattering, for which the spectral variation is small,
A description of the major absorbers is given along with some of the mechanisms for ab-
sorption. The Air Force Cambridge Research Laboratories (AFCRL) Compilation of line pa-
rameters {8 discussed in this section. |

1.3.4 SECTION 5. GENERALIZATION OF METHODS OF CALCULATING

ATMOSPHERIC ABSORPTION )
The two general methods of numerically integrating within finite spectral intervals are

" the so-called line-by-line, direct integration method, and the category of what are generally

known as band models. As stated earlier in this section, the aversion to the ling-hy-line
method no longer exists except that computing costs can sometimes be excessive. As far as
band-models are concerned, this section devotes attention mainly to the more-or-less
“classical" models, or adaptations from them. Much of what has been available in the liter-
ature for some time §s presented here. We show also some of the more recently reported
methods for deriving band-model parameters, especially using line parameters a8 compiled,
for example, by AFCRL.

Becausie the parameters derived for band-model calculationé are usually pertlaent to
the homogeneous almosphere, and because slant-path calculations involving inhomogeneous
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atmospheres are more intercsting than horizontal-path calculations, methods are derived to
use homogercous data in non-homogeneous cases. The Curtic-Godson approximation is dig-
cussed and certain eritiques of it are given.

1.3.5 SECTION 6, DETAILS OF THE LINE-BY-LINE METHOD

OF CALCULATION

Using 4 compilation of line parameters and the appropriate equations relating these
parameters to the absorption coefticient, one could, with a simpl» trapezoidal-rule {or more
accurately, Simpson-rule integration), reproduce the line structure of molecules and cal-
culate the spectral transmittance for known atmospheric paths. The cost, however, would be
large. Methods have been devised to take advantage of the peculiarities in the line structure
and perform a direct integration at lower cost. Nevertheless, the cost of calculating by the
direct method is still very high in comparison with the use of band-models methods,

Some of the methods, namely those of Kyle {§] and Scott [ 7], use a constant spacing of
points on the abscissa for the integration interval, but achieve an efficient calculation by
optimizing the size of the spacing. In this way, they are able to obtuir a reascnable accuracy
while limiting, to some extent, the computation time. In Kyle's method, the region near the
1inc center can be accomodated with a relatively coarse mesh, but, as mentioned by Gille
(in Kuriyan, 1973), the disadvantage is in requiring a relatively finc mesh for the line wings,

where coarser meshes can be accommodated.

In Scott's method the mesh size fer integration is determined by the half-width of the
line, But since the half-width varies with altitude, the mech size varies also with altitude,
The smallest mesh size is determined by the half-width at the highest altitude used in the
cakculation,

Checking the accuracy of these different methods would require making independent
calew'zt?ons, deemed infeasible in this study, even if the programs were available. Avail-
abllity can be ascertained only by contacting the authors, which was not done for this
report in these cases. The major feature of these methods seems to be speed of computation,
although in Kyle's case it i8 not obvious that this is always achieved. No assessment of
Scott's technique har. been made except that presented in Section 6 from Scott'e paper.

8. T.G. Kyle, "Net Intorval for Calculating Absorption Spectra,” J. Opt. Boc. Am,, Vol. 88,
No. 2, 1868(c), pp. 192-195.

. N. A. 8cott, "A Direct Method of Computation of the Tranamission Functlon of an In«
homogeneous Gascous Medium, 1: Description of the Method,” J. Quant. Spec. Rad.
Trans., Vol. 14, 1974, pp. 601-704,
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The Drayson technique | 8] : nd the Xunde and Magulre technique | 9], which is patterned
after Drayson’s, dc not shift the constant mesh, as does Kyle, but use a variable width of
intervals. In this way, they can compgute with high resolution at the line centers and coarser
resolution away from the centers of lines, This tecpnique optimizes quadrature, evaluating f
the absorption coefficient at the fewest numter of wavenumbers by usingz Gaussian quadrature.

Very high fideufy can be achieved if the quadrature intervals are spaced closely; however,

~1% can be achiever by making the intervals coarser. At the same time this allows the pro-
gram to run faster,

The avallability of the Drayson and Kunde-Magulré programs is not known, although they
were made available to IRIA, We have not used the Kunde-Maguire program, nor have we
discussed its use with the originators. We have used the Drayson program, but only with
close consultation with Drayson. It is likely that anyone applying this program to an atmbspher-

ic problem would require the same, unless Drayson publishes it along with extensive documenta-
tion.

Drayson alleges (in a private communication) that an "independent check with Kunde
shows a maximum error in transmittance of about 0.0001 using the most accurate options
in the program, It may be made faster (but somewhat less accurate) by using lower order
quadrature or larger intervals."” We have used Drayson's program on an IBM 260 computer
and found that, as a very rough rule of thumb, the cost of computing, in the calculations we
made with a low-order quadrature, was perhaps in excess of $0.15 per spectral line.
(Coution, however; this number cuuld be considerably different,up or down.)  We would ex-
pccet that the computing time of the Kunde-Maguirve program is at least comparable. One
has the option in Drayson's program of ignoring weak lines, but it is obvious that, in the
Q-branches of bands where tha lines number in the thousands, the cost of a direct integration
can be considerable, You pav a stiff price for accuracy, and in many cases there is no other

choice, because band-models simply cannot reproduce actual conditions as well as line-by-
lire calculationa,

None "( the line-by-line methods are able to account adequately for absorption in the
so-called continuum regions of the spectrum. Therefore, the effect of the continuum
{especially HoO) must be accounted for empirically, as with band models.

Arking and Grossman [ 10], following an eariier precedent, have described a technique
for avolding a dircct line-by-line integration without resorting to the usual band-model

8. 8.R. Diayson, The Calculation of Long-Wave Radiative Transfer in Planetary Atmo-
spheres, Report No. 075841 -T, Univeraity of Michigan, Ann Arbor, 1967,

9. V. G. Kunde and W. C. McGuire, "Direct Integration Tranamittance Model,” J. Quant,
Spect. Rad. Trann., Vol. 14, 1974, p. 803.

10, A. Arking and K. Grossman, "The Influence of line Shape and Band Structure on Tem-
peratures In Planetary Atwiogphere,” J. Atmos. Scl., Vol. 29, 1972, pp. 937-949.
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methods, The technigue of substitutiug an absorption coelficient distribution (k-distribution)
for the actual ordering of spectral lines is described in this section, giving some simple
distributions related to relatively unrealistic-mod»ls, but 1iso to some actual line data. A
serious restriction of this mcthod is that the atmospacre must be homarencous, Gille (in
Kuriyan, 1973) points out that in a given real band, the distribution forms a “histogram of
absorption coefficients,' and that the transmittance is calculated from

-k.w

N'a i
(w) = Zbie
i=1

N
whereZ: b‘ =1, and hi and ki are functions of the cenditicns in the horaozeneous layer.
i=1

1.3.6 SECTION 7. ILLUSTRATIONS OF BAND-MODEL METEODS

As band-model techniques were presented in the former state-of-the-art report [ Anding,
1967] , the methods of various investigators are described in Section 7. These methods al!
depend dirzctly on the use of one of the original band models described in Section 5, or
adaptations {rom them, in one way or ancther. The mcthods included are:

Statistical Model - Ellingson: Rodgers and Walshaw;
Goldman and Kyle

Quasi-Random Model - Kuude; Haurwitz

~ Other published Single-Model Computations - Danicls: Jackson
Aggregate Method - Anding, Rose, Walker
LOWTRAN 2 Method - AFCRL/McClatchey, Sclby, et al.

The statistical model calculation methuds of Ellingson [ 11], Rod:rers and Wishaw [12]
(after whom Ellingson patterned his approach), and Goldman and Kyle, are straightforward
applications of the 'classical” models. The importance of their contribuiions to the state-
of-the-art lies mzinly In the cxplicitness with which the techniques are described, and the
detail in which the line parameters were applied. We should expect that the results represaont
accuracies limited only by the basic limitations in band-mndel methods and the atmogpheric
data used in the calculation. All of the methods are adequately explained in the original
papers, and with a reasonable thoroughness ir this section., It would nat he a simple matter
to apply these methods directly to an individual's problem, because the computation tech-

niques are generally unavailable in the publicaticns, and, exe~pt for a few small spectral

1!, R.G. Ellingson, A New Lonz-Wave Radiative Tranafor Model: Calibration and Applica-
tion to the Troptcal Atinosphere, Report No. 72-4, Florida State Unlversity,
Tallahasree, 1872,

12, C. D. Rodgers and C. D. Walshaw, "The Computation of Infrared Coolir~ D1te in Plane-
tary Atmospheres,” Qrtly. J. Royal Meteor. Soc., Vol. £3, 1615, pp. 67-42.
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intervals, few band-model parameters are included. It is the absence of the latter, however,
which is the more serious, since programming the equations should be no difficult matter,
although perhaps tedious. Anyone seriously interested in performing atmospheric trans-
mittance and radiance calculations should be familiar with these techniques, notwithstanding

the absence of some peripheral material.

The quasi-random method of Kunde [13] and of Haurwitz [ 14] are direct applications
of the methods advanced in the work of Wyatt, Stull and Plass [15] and Stull, Wyatt and
Plass {16] . Kunde includes a program in his report for the computation of H20 vapor trans-
mittance. The program can be obtained by consulting the original work [13] .

Quasi-random techniques have not received the serious consideration in the literature
that they perhaps deserve. Given a set of line parameters from which to calculate band-model
data, it seems that one has unlimited potential for performing calculations with reasonable
accuracy and a range of spectral resolutions suited to his own taste. But since the cost vs
accuracy tradeoff often resides at one of the two extremes, the quasi-random model is

usually neglected.

The methods of Daniels and Jackson are presented because they also represent contri-

butions to the state-of-the-art. The computer program generated by Daniels [17] has not been
openly published although it may be available from the originator. Jackson's work has limited ‘
accessibility because it is described in a repor{ with limited distribution. Daniel's method has ;
been described, however, in one of the trade journals [18], and is accessible, therefore, in prin—‘
ciple, at least through a description of the method used.

The last tso methods presented in Section 7, the Aggregate method and the LOWTRAN 2 ;
method are the two models, to our knowledge, which have complete, or nearly complete,

availability and accessibility. The Aggregate method is described in an Aerospace Corporation

13. V. G. Kunde, Theoretical Comp-tations of the Qutgoing Infrared Radiance from a Plane-
tary Atmosphere, NASA Report No. TN-D-4045, Goddard Space Flight Center, Green-
belt, Md., 1967(b).

14. F. D. Haurwitz, The Distribution of Tropospheric Infrared Radlative Fluxes and Asso-
clated Radiative Fluxes and Associated Heating and Cooling Rates in the Southern
Hemisphere, University of Michigan, Ann Arbor, 1972,

15. P. J. Wyatt, V. R. Stull and G. N. Plass, Infrared Transmission Studies, Vol. 2: The
Infrared Absorption of Water Vapor, Report No, 8SD-TDR-62-127-Vol. 2., Ford
Motor Company, 1962(a).

16. V. R. Stull, P. J. Wyatt and G. N. Plass, Infrared Transmission Studies, Vol. 3: The
Infrared Absorption of Carbon Dioxide, Report Nn, 8SD-TDR-62-127-Vol. 3, Ford
Motwor Company, 1963.

17. G. Daniels, AVCO Everett Research Laboratory private communicaticn, 1973,

18. G. Dantels, "A Computer Program for Atmospheric Infrared Transmission and Back-
ground Calculations,” Optical Engr., Vol. 13, No. 2, 1974, pp. 92-97.
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report by Hamilton, Rowe and Anaing | 19], and a synopsis of the method is contained in this
report in Section 7.4. The Aggregate method was so named because it is a compilation of the
various models, or adaptations of them, which were explained in the IRIA 1967 state-of-the-art
report, The compilation was later formulateu in 2 computer program by Anding, Rose and
Walker at the Environmentasl Research Institute of Michigan (ERIM).

There is sufficient coverage of various models in the Aggregate method to make it 2
reasonably accurate technique for calculation, certainly within 20';, of reality except under
severe conditicns; but hardly better than a few, say 5% , under optimum conditfons. These
same statistics hold for LOWTRAN 2, which s perhaps no more than one should expect to
achieve, considering the poor availability of reliable atmospheric environmental data whi~h
are essential iaputs to either method. The Aggregate method suffers from a minor drav back,
the fact that the spectral resolution inheren. ta the result {3 not consistent with what is
achievable with even moderately good spectral instruments. Furthermore, the results ary
from relatively good resolution, approximately 1 cm'l. to values of the order of 100's of
cm'l. The cost of running a spectrum in transmittance and radiance is attractive, as s the
case with LOWTRAN 2, being on the order of $5.00 to cover the range to 30 um. The . nectral

resolution, for LOWTRAN 2 is a constant 20 em 1,

LOWTRAN 2 differs from the Aggregate method in a rather basic way. It is a completely
empirical method, being derived from no particular formal model, but tased on the fit of an
empirical formula to experimental data and data calculated from the AFCRL compllation of
line parameters. Since a single, empirically derived, function is expected to perform the
work of the many different functions ir. the Aggir egate method, LOWTRAN 2 is much neater
and more easily manageable; but it seems not as adaptable to changes in atmospheric con-
stituents, and is, therefore, more subject to error. However, in view of the usually poor
knowledge vre have of meteorclogical conditions {for a given circumstance, we are not neces-
sarily seriously hampered by a minor lack of accuracy in the band model, Thus, there seems
from these considerations, to be a toss-up in choice between the Aggregate and the LOWTRAN 2
methods.

From the point of view of availability and accessibility, LOWTRAN 2 geems to edge out
the Aggregate. LOWTRAN 2 is available in a card deck which can be obtained [rom Air Force
Cambridge Laboratories. The report issued to explain the use of LOWTRAN 2 [ 20] has
adequate documentation so taat the use of the program on the cards is easy. Furthermore,

19. J. N. Hamilton, J. A. Rowe and D. Anding, Atmospheric Trangmission and Emiseion
Program, Report No. TOR-0073(3050-02)-3, Aerospace Corporation, 1973,

20. J. Selby and R. M. McClatchey, Atmospher!c Transmittante from 0.25 to 2.35um:

Computer Code LOWTRAN 2, Report No. AFCRL-72-0745, Air Force Cambridge
Resecarch Laboratorles, Bedford, Mass., 1872,
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the method is graphically represented in another report [21] which makes it easy to perform
spot-check spectral transmittances in a very short time.

The program for the Aggregate method is obtainable from ERIM, and elsewhere, but at
present the documentation is not expilcitly described as for LOWTRAN 2. Neither method is
easily adaptable to atmospheric parameters aside from the ones provided in tne five atmo-

spheric models given in Section 10,

1.8.7 SECTION 8. MULTI-PARAMETER ANALYTICAL PROCEDURES

The calculation methods presented in this section are based on functions which incorpor-
ate a larger number of parameters than the band models described in Section 7. We have
found only a few documented methods which fit into this category, but it seems apparent that
the large number of feasible variations is limitless, if perhaps needless. As is the case in the
rest of the report, the methods presented in this section are representative, since it would be
1mpossible to present every technique created, even if they could all be found. We did not
attempt to include anything which pre-dates Zachor's work { 22] . Those presented here
represent the investigations of Zachor, Gibson and Pierluissi,and Smith,

Each method presented here would appear to be an attractive candidate as a calculation
technique, from the viewpoint of both simplicity and accuracy; however, they have been
created for singular purposes, and are not easily adaptable to outside use. Zacher presents
parameters in his report [23] which would allow a user tc perform calculations in a limited
region for CO4. Smith's data set [ 24] is also limited, although in a different region, and for

H20 and COz.

Gibson and Pierl:issi [ 25] published a long list of coefficients which were derived from
the data of Wyatt, Stull and Plass (1962a) and Stull, Wyatt and Plass (1963). These data have
been found slightly deficient, particularly in certain Q-branches, and Pierluissi [ 26)

2i. R. A. McClatchey, et al., Optical Properties of the Atmosphere, Third Edition, Report !

No. AFCRL-72-0497, Air Force Camu-idge Regearch Laboratories, Bedford, Mass., '

1872. ;

1

22, A. 8. Zachor, "A General Approximation for Gaseous Absorption,” J. Quant. Spect. Rad. !
Trans., Vol. 8, 1968(a), pp. 771-781.

23. A. S. Zachor, "Equations for the Transmittance i the 2u COg Bands,” J. Quant, Spect.
Rad. Trans., Vol. 8, 1968(b), pp. 13411349, !

24. W. L. Smith, A Polynomial Representation of Carbon Dioxide and Water Vapor Trang-
mission, Report No. NESC 347, National Enviro..mental Satnllite Center, Washington,
D. C., 1869.

25. G. A. Gibson and J. H, Plerluissi, "Accurate Formula for Gaseous Transmittanne in
the Infrared,” Appl. Opt., Vol. 10, No. 7, 1971, pp. 1509-1518,

26. J. M. Plerlulssl, "Polynomial Representation of Transmittance Models," Appl Opt.,
Vol. 12, No. 4, 1973, pp. 776-778.
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published another paper with a partial listing of coefficients derived from experimental
data,

Unless the user is prepared to perform a considerable effort in compuing‘par::meters
for his own use, it seems he will only be able to put the methods of Zachor, Gibson-Pierluissi,
and Smith {and presumably others) to limited use, Still, the accuracy achieved by them is
favorable, at least on the basis of comparisor.s niade by the original investigators, and they
appear straightforward to program and use.

1.3.8 SECTION 9. LABORATORY MEASURLMENTS, FIELD MEASUREMENTS

AND THE RESULTS OF CALCULA™ION FOR ABSORPTION

The first part of this section is included to give the user a guide to the kinds of data that
have been used for generating parameters for the various calculation methods. One should
be able to obtain in part foom this, in conju..ction with the assessmentsg of the formulations of
the computation techniques, the range of conditions from which he can expect the best accura-
cies in calculation, and thus, at what points the extrapolated values are likely to seriously

limit accuracies.

In the rest of this section, we have attempted to delinzate some of the types of field
measurements that have been reported, to give the user a guide to what comparisons can be
made to judge the accuracy of calcuiated results. The readevr will find, however, that these
judgments are not so easy to make, ever. though the experimental results are probably
reliable, and certa'n of the meteorological conditions are adequately documented. However,
certain trends can be observed, and from this viewpoint, at least, inclusion of some of the

. experimertal results is warranted.

In addition, comparisons are made between the calculated results obtained using the
Aggregate and LOWTRAN 2 methods., The reader is referred to the body of the report for
a more in-depth discussion of the comparisons that are made.

1.3.9 SECTION 10, ATMOSPHERIC CONSTITUENTS

This section surveys a small realm of meteorology with the intent of leading the user to
some of the sources of this most important element in the calculation of atmospheric trans-
mittance and radiance. To give some idea of the scope of a more complete effort, we should
like to direct the reader to a study, the results of which are not yet openly available. This
study is the resull of a program in the Department of Trausportation entitled Climatic Impact
Assessment Program (CIAP), designed to determine regulatory constraints on flights in the
stratosphere such that ao adverse environmental effects result. Much of the program is
documented in six supporting monographs, describing the atmosphere and things that impact
on the atmosy ere, We believe these will be an extremely useful set of documents.

29




——
™
ih; Wit
FORMERLY 'NHLLOW RUN LABORATCARIES, THE UNIVERSITY OF MICHIGAN

The subject matter of this section i3 very important. We have laid a reasonable amount
of stress in previous sections on techniques of calculation, and the fidelity with which they
represent the actual physical process of absorption and scattering. We have found, however,
that if one is willing to compromise on accuracy, the chcice of a method can at times be madz
arbitrarily. For the mnst part, in previous sections, when we have stressed the variability
of accuracy, we have, at the time, chosen to igrore the atmosphere. We can no longer do so,
because the highest achievement in accuracy can be utterly destroyed by the choice of even

a slightly devious set of atmospheric parameters,

We hope that the references, at least in part, make up for the huge maass of information 7
which obviously could not be included in che report. i 1‘

1.4 SOME TOPICS NOT COVERED IN THIS REPORT

The emphasis in this report has been on processes involving radiative equilibrium. We
have essentially ignored non-equilibrium phenomena in aimospheric emitted radiation for at
least two reasons. First, because drawing the dividing line between the incorporation of
equilibrium (thermally induced) processes, and non-equilibrium phenomena in no way com-
promises the calculation of transmittance, Szcond, because not nearly as many non-
equilibrium results have bcen found which can be used with the same finality and confidence
as those produced in the numerous investigations on equilibrium phenomena.

A similar decision had to be made regarding the matter of turbulence in the atmosphere.
It is recognized from the poiat of view, especially, of imaging systems that the subject of
atmospheric turbulence i{s one of utmost importance. But it is difficult enough to model the

atmosphere even in its stable mode.

1.5 USE OF THE REPORT
The primary objective of this report, s already stated, is to present the state-of-the-art

of the subject matter, From a hroader viewpoint, hewever, it is meant also to be more directly

applicable to user needs.

One reader may wish to have an in-depth understanding of the subject. He will have to
make more than a passing perusal of the various sections summarized above., For this type
of reader, it is assumed that his interest goes beyond merely finding the right method for

making a calculation, but encompasses also the making of judgments requiring a more-or-less
full understanding of the techniques used. He will also have to consult the references cited,
becausc the sections in this report were intended only to give sketches of the greater detafl

to be found in the original works.
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On the other hand, there is likely tc be also the reader with only a -passing interest in the
subject. He should be reasonably satisfied having read only the preceding synopsis. Also, one
may wish to find quickly the method he needs to serve his immediate purpose. He will undoubt-
edly want to read through the material in this report, but without necessarily referring, except
in specific instances, to the original works. For his purpose, we have included the sort of
guide to selection that follows.

We assume that, from the user's point of view, a given model should possess the following
criteria; (1) accuracy; (2) speed (low computation times); (3) adaptability; and (4) practicality.
The model should not be so crude that results differ greatly from exact formulations. Speed
of computation is also important especially if cne is iuterested in varying a large number of
model parameters. Adaptabllity is of importance since practical applications usually require
the alteration of boundary conditions or the charging of physical and geometrical parameters
in the problem to be solved. Finally, a useful model should be practical in the sense that it
encompasses the majority of the necessary elements for computing its expected range of
parameters. Further, the practicality of a model must be judged in accordance with its acces-
sibility.

Althodgh it is almost impossible to ascertain which modz1s have bzen developed for all
the various applications, we will present here a general chart of the overall acceptability of
mathematical models of radiative transfer, from the point of view of scattering, based pri-
marily upon the above mentioned criteria (Table 1). The model or descriptive names should
be interpreted as referring to a particular technique rather than an individual specialized
model or computer program. The methods are ranked as excellent (E), good (G), fair (F), or
poor (P).

It is immediately evident that peraons more intimately famillar with different techniques
will surely rate the different methods differently. We have tried iinplicitly to integrate the
four enumerated qualities into one ertity, utility, We realize, however, as pointed out by one
of our reviewers (Herman, private communication) that, in any calculations of radiative trang-
fer, one must decide what features are important, and what features are not. The Turner
method, for example, appears Irom Table 1 to have perhaps greater utility than other methods.
However, if the state of polarization of the diffuse field is a requirement, the Turner and other
methods fail to score with decent accuracy. On the other hand, the adaptability of the Turner
method i3 high enough thuat polarization could feasibly be included in any modification to the
technique. This may very well be true of other methods as well, although the lack of accessi-
bility of specilic information on computing techniques may conceal their real adapiability.

We have tended to score practicality heavily on the basis of accessibility. As pointed out
in Section 1.1, the primary emphasis on the utilitarian aspect of this report is toward
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assistance to the military systems designer who sometimes needs only moderately accurafe
answers, but quickly. On the other hand, a score of P on the basis of computer time used
could easlly be ignored by someone whose mzain interest is fidelity to the real world. One who
has constant access to a facility-owned romputer mighl readily ignore the computer time
columa altogether. oing so would give greater aiiractive1ess to methods which othervise
score poorly.

We must concede also that the accuracy columa can only be used in some cases as a
rough guide. Admittedly, all models have uot been tested and some of these assessments
have to be made on the basis of our judgments derived from consulting otter somrc:s. On the
other hand, the indefinite nature of the entiies in Tabie 1 (and Table 2 later) apg:ar to reflzct

. a certain awareness that accuracy is a quality which is better left to the ultimat: judgment
of the user.

As far as the Aggregate and LOWTRAN 2 methods are concerned, if we should rate them
in the same way as tite scattering models, they would probably come out about equal on the
basis of "computer time,"” "adaptability,' and "practicality.” As far as "accuracy" is con-
cerned, we believe that the Aggregate method is probably more accurate because it is more
para.neter-dependent But again, we must remember that accuracy is usually more greatly
affected by factors outside the calculation methnd than it is on the method itself (which, of
course, is equally true of the scattering methods). From the point of view of availability,
we believe the LOWTRAN 2 mecthod rates higher.

The oniy absolute basis we have for judging accuracy is a direct compariscon between
calculated and measured data, several cases of which are given throughout the report, The
best test is with controlled experiments in the field, but most of these are restricted to hori-
zontal paths which do not provide a valid tert of the effect of temperature, pressure and con-
centraticn changes. One reasonable guideline is that using the models outside of the ranges
of variables provided by the iaporatory experiments (see Scction 9) can be expected ¢2 incur
errors commensurate with the extent of the extrapolation,

it we lump the absorption methnds into six broad categories and tabulate them as for the
scattering methods, we are likely to come up with something similar to Table 2.

Note: Because of the large number of symbols and nomenclature used in this report, and

because it was necessary to repeat some symbols to represent different quantities, it is essentia’

that a list of symbols and nomenclature be included. For the convenience of the reader a list of
symbols is placed at the very end of the report for easy reference.
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TABLE 1. RADIATIVE-TRANSFZR-ATMOSPHERIC MODEL RATING (SCATTERING)

Model Accuracy Computer Time Adaptability  Practicality

Exact Solutions E F b P
Iterative Method G F-P F F
Spherical Harmonics Method G F-G F-G )
Discrete Ordinates Method G P G F-G
Invariant Imbedding

Technique G P G F
Doubling Technique G E P F
Moment Methods G ) F F
Monte Carlo G ) E F-P
Schuster-Schwarzchild

Method P E G F
Eddington Method E F F
Romanova's Method F F F G
Turner's Method G-F E G-F G

TABLE 2. ATMOSPHERIC ABSORPTION METHOD RATING

Method Accuracy Compater Time Adaptability Practicality
General Statistical G-F G-E F G-F
Quasi-Random G-E P-F F F
Aggregale G-F E F G-F
LOWTRAN 2 G-F E ) 3 G
Multi-Parameter G G F F
Line-by-Line E P F G
33
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2
RADIATIVE-TRANSFER THEORY

2.1 INTRODUCTION _

In this chapter we shall delineate some of the basic quantities in radiative -transfer
analysis by describing the equation used to represent the transport of radiation through a
scattering and absorbing medium. ‘ '

The fundamental quantity used to define the amount of radiant energy at a point at some
time is the spectral radiance for 2 given polarization state. We shall neglect polarization
and define spectral radiance as the energy per unit time per unit area per unit golid angle per
unit spectral interval which crosses a small surface oriented normal to the direction of
prepagation. The symbol for spectral radiance is LA or l..p and the units generally used are
watts per square centimeter per steradian per spectral interval. The spectral dependence is
as readily given in terms of wavenumber (v) as it is in terms of wavelength (7). In the former
case, the unit interval ig cm'l and !n the latter, it isum (i.e., reciprocal centimeters and
micrometers respectively).

Another radiometric quantity of importance in the consideration of radiation transport is
the spectral irradiance, or the spectral radiant energy per unit time per unit area incident on
a surface. To obtain irradiance on a surface element (dA) one must integrate all cf the in-
coming radiation over the hemisphere centered in dA, so,

E =j L, cos 8 dd (1)

A heml A .
where 6 is the angle between the direction of propagation and the normal to the suriace, and
dl is a differential solid angle whose apex is at dA. The functional dependence of L, (or Lv)
and K, {or Ey) will be shown in the following discussion.

2.2 EQUATION OF RADIATIVE TRANSFER

Rzdiative transfer theory can bc defined as the quantitative study of the transfer of ra-
diant enecrgy through a medium which can scatter, absorb, and emit radiation. Its origin can
be traced to a paper by Schuster on "Radiation Through a Foggy Atmosphere" [27]. Later,
important contributions were made by Schwarzschild, Milne, Eddington, and in more recent
times by Chandrasekhar and Sekera. Much of the impetus was provided by astrophysics in
the study of the transfer of radiation in stars and stellar envelopes. Today, the theory of the
transport of energy encompasses neutron transport theory, radiative trar.sport theory,

27. A. ‘Bchnster, "Radiation Through a Foggy Atmosphere,” Astrophys. J., Vol. 21, 1005,
p- 1
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cosmic-ray transoort, and plasma theory. There are many analogies and in many cases the

mathematical procedures used in the analyses are quite similar.

The axiomatic basis for the study of radiation transport ig the Liouvllle equation in which
one must consider the distribution function which characterizes all particles in phase space.
By integrating over the coordinates of all particles except one we get the one-particle distri-
bution function which 18 used to describe the properties of a "'dilute™ gas; that is, we are
neglecting the simultaneous interactions of more chantwo particles, Thus, we are led to a
Boltzmann type equation for a description of the transfer of radiation through a scattering,

absorbing, and emitting medium,

The spectral radiance, defined by 9L/ax (os 2L/2v), should strictly retain the subscript,
Xory,as LA or LU. We shall retain it in the ensuing discussion, and later, for the sake of
simplicity, assume it implicit in the expression. We can consider a beam of monochromatic
radiation with radiance L)‘(A, 8, ¢, ¢, t) which travels along a path s in a direction o, ¢ (the
asual polar angles) as shown in Figure 1. We can denote the increased spectral radlance
LA(A, s +ds, 0, ¢, t)at s + ds by L)(A, 8, H,86,t) + dL)‘(A, 8, ¢, ¢, t). The change in radiance
over the distance ds can be written in terms of the following components (neglecting changes
with time):

““"x("' 8, 6, ¢9)

i = ¢(spontancous emlission) + e(stimulated emission)

+ ¢(in-scattering) + ¢(Intrinsic)
- ¢(absorption) - ¢{out-scattering) (2)

where spontaneous emlission is independent of the radiation field and stimulated emission de-~
pends on the radiation {ield, behaving as negative absorption. The term in-gcattering refers
to the radiation which is scattered from all directions into a specific direction #, ¢. This de~
pends on the radiation field and is given by:

k'{(x, 8)
¢(in-scattering) = —!?;-'—-f p(r, 8, 8, ¢, 8, #")L(A, 8, &', 8') &} (3)
4n .

where k;(x, 8) is the volume ecattering coefficlent. This is the scattering cross section per
unit volume, or the probability per unit length that an individual photon will be scattered. Its
units are cm'l. The quantity p(x, 8, 4, ¢, 6°, ') I8 the single-scattering phase function and
is a measure of the probability of scattering from a direction #', ¢' into a direction 9, ¢. It is
ncrmalized such that its integral over a complete sphere is unity, lL.e,,

1

G 4 p('\- B, 6) b H.o ¢')m' =1 (4)
14
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FIGURE 1. DESCRIPTION OF RADIANCE )
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The intrinsic term refers to a specific autonomous source placed in the medium. These four
terms comprise the gain of radiant energy at wavelength X at a point s in the medium for
radiation traveling in direction o, ¢ at time t. Loss of radiation occurs by means of absorp-
tion and the scattering of radiant energy out of the beam ‘vhich are given by:

FORMERLY WILLOW RUN LASORATOHLS, THE JU% VERSITY OF MICHIGAN

e(absorption) = -kfao«, s)LA(A, 8, 0, ¢) (5)

and

e(out-scattering) = -ké(x, u)Lx(A, 8, 6, ¢) 8)
where k;(x, 8) is the volume absorption coefficient, or the protability per unit length for the
absorption of an individual photon. Its units are cm-l. These quantities can be combined

into an extinction coefficient k'(A, 8):

k'(r, 8) = k (2, 8) + k2, 8) (M

where k'(A, 8) is the probabilily per unit length of an individual photon undergoing either ab-
sorption or scattering, given in units of <:m'1

Combining all of these terms gives us the net gain in radiance per unit length:
dL

s =70 )0, 8, 6, 8) + Y (2, 8)L, (A, 8, 6, ¢)
k;(k, s)
+ 4” p(x’ s’ 9’ ¢l 9" °.)LA(AI sl 6'9 ¢')m'
4n

+q(x, 8, 6, &) ~k'(x, s)LA(x, 8, 8, ¢) (8)

where v'(x, 8) i8 a coefficient for spontaneous emission and J(A, s, 6, ¢) i8 the source function
which is independent of the radiation field. Likewlise, y"(), s) is the corresponding coefficient
for stimulated emission and q(A, s, 6, ¢) is the intrinsic emission term. The terms y'(A, s)
and y¥"'(x, s) are related to the familiar Einstein A and B coefficients. For a more detalled
treatment of these coefficients consult Goody |28] and Stewart [29]. The complete (time-
independent) three-dimensional radiative -transfer equation for an absorbing, scattering, and
emitting lsotroplc‘ inhomogeneous atmospheric medium is therefore

'By isotropic it is meant that the scattering and absurption coefficients are independent
of direction,

28. R. M. Goody, Atmospheric Radiation, Oxford University Press, 1964(a).

29. J. C, Stewart, Some Topics in Radlative Transfer in Developments in Transport Theory,
E. Inomi and P. F. Zweifel (eds.), Academic Press, N. Y., 1967.
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ar,
g = KA, 8) =70, B L4, 8, 5, 9)

k;()‘, 8) ¢

M J“p()\, 8, 6, ¢, 8, ¢')LA(A, 8, 8", ")V’
+v'(x, )7, 8, 6, ¢) + q(r, 8, 6, ¢) ' (9

If the medium is not in thermodynamic equilibrium, the term y''(A, 8) corresponding to stimu-
lated emission may be greater than k'(z, s}, the extinction term. In that case, the medium
acts as a source of coherent radiation as in a laser. Under conditions of local thermodynamic
equilibrium however, the population of states ts such that k'(x, 8) > y'"(A, 8) and the source
term J(A, s, 6, ¢) becomes the Planck function which is on'y dependent upon wavelength and

temperature:
2 : 2 3
— T s - 2he . _ 2¢c”hv
I, 8 6 9) TrE LG T) = NBoBe/RT or L)(v, T) = [oRev/kT _ (10)

where h is Planck's constant, k i3 Boltzmann's constant and T is temperature. For the pur- v
pose of this discussion, we shall neglect the effects of stimulated emission and agsume that
the condition of local thermodynamic equilibrium holds and that the source of radiation is de-
scribed by the Planck function of Eq. (10).  Thus, the basic radiative-transfer equation is
given by:

d

-a-s—= -k'(h, B)LX(A, 8, 9; ¢)

k;(l, s)
* = . P(A, 8, 6, 6, 6', $')L, (A, 8, 6', ¢}V’
]

+k2(A, )Ly, T) + q(, 8, 6, 9) . an
Now, defining the siagle scattering albedo wo(x, 8) as
wo(r, 8)= k;(l. s)/k'(x, 8) (12)
and

Qs 8, 6, 9) =, 8, 6, /K0, 8) | a3)
Eq. (11) becomasg : \
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dL, wo(r, 8) '
'as—'=' -k'()\, S) LX(X' 8, 8. ¢) - —"_4‘;"" 4 p(x, 8, 9, ¢, 9'; ¢')LA(A' 8, 6:- ¢')m'
n
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N
-[1-w 0, Ly, T) - QO 8, 6, ¢)} (14)

We shall 1imit ourselves to the description of radiation In an atmosphere in which there are
nvu intrinsic sources. Thut, we have

dL, wo(x, 8)
"d_s" = 'k‘(kp B) LA(A’ 8, 9) “) = "_-4'1'—' P(M 8, 9v ¢, 9', ¢')LA(A0 8, 9‘1 ¢‘)m'

4n
- [1 = wolr, §)]L (0, T) (15)

This concludes the simple derivation of the radiative transfer equation. A more detailed
treatment of transport theory can be found in Kourganoff [30], Samuelson [31], and Turner [32].

We can now consider special cases of Eq. (15). First, suppose that there are no interac-
tions, either scattering or absorption. Then k'(x, s) = 0 and we have

ar,

e 0 _ (18)
The radiance is constant everywhere in this nonparticipating mediura. Second, suppose we
have no scattering. This means that wo()\, 8) = 0 and Eq. (15) becomes

dLy .
o= K0, L0, 8 0,0 - 130, ) (17

Third, let us consider a purely scattering medium, i.e., one in which no abgsorption occurs.
In this case there can be no emission and wo(x, 8) = 1. Equation (15) then bv.romes

30. V. Kourganoff, Introduction to the General Theory of Particle Transfer, Gordon and
Breach, N. Y., 1969,

31. R. E. 8amuelson, Radiative Transfer in a Cloudy Atmosphe-e, NASA Report No. TR-

R-215, Goddard Space Flight Center, Greenbelt, Md., Office of Technical Services,
Dept. of Commerce, Washingtor, D. C., 19865,

32. R. E. Turner, Trarsport of High-Energy Cosm): Rays in the Interstellar Mediun,,
Ph.D Thesis, Washington University, §t. Louis, Mo., 1870,
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dL

-d-BL = <k'(2, B) LA(A’ 5 6, ¢)

T

Fourth, let us consider the case in which the scattering law is isotropic, i.e., p(a, s, 9, ¢, 8,
¢') = 1. Equation (15) then becomes
d
.a_x;_k. = -k'(x, 8) LAQ; 8, 6, ¢)

wo(x, s) i

-— 4"11()«, 8, 8", $) A - [1 -w (1, 8)] L;(A, T)} (19)

2.3 THE FORMAL SOLUTION
In this section, we consider the formal solution of the time-independent integro-
differeatial equation of radiative-transfer Eq. (15). This can be written for some path s:

. dL, wo(, 8)
K78y ds ¢ L, 8, 6,¢) = =~ MP(M 8, 6, ¢, 6', ¢')L,, (A, 5, 6, ¢")

- [1 = wyr, 8L, T) (20)
for which the solution is:
3
LA(A, 8, J, ¢) = on" 8g» 8, & exp -I k'(x, 8')ds'
8
0

8
‘i I wol, 8K'4, 8 Jp(r, 8Y, 6, 9, 6', 8L, (A, &', 0", ¢") '
8y 4n

C 8 s
exp -j' 'k'()\, s")ds"] ds' + I 1-wsr, 8 .‘]L;(l, T)

| /s 8y
" .8
exp -I k'(x, 8™ ds’?} k'(r, 8')ds' (22)
. s'

where 8 is a general point along the path and 8y is a boundary. Formally, then, Eq. (21) is
the solution to the integrodifferential equation of radiative-transfer. The first term on the
right side of Eq. (21) represents the attenuation of the boundary radiance LA"" 8g» 8, ¢). The
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second lermn represents the contribution of all scattered radiation along the path and the last

term represents the thermal radiance along the path.

For most practical applications of radiative-transfer theory, one can consider the earth's
atmosphere to be a plane-parallel medium espectally for multiple scattering in which compli-
cations multiply, otherwise. Problems in scattering in which the earth's curvature {s taken
into account are those for which the radiance is to be determined at extreme altitudes or for
conditions of large solar zenith angles. For this discussion, however, we shall determine

the formal solution for a plane-parallel atmosphere.

Consider solar radiation entering the atmosphere at zenith angle 80 (: cos'1 “O) and
azimuthal angle ¢0 as indicated in Figure 2. Since all quantities have spectral dependence,
we ¢an drop the explicit dependence on wavelength and write Eq. (15) as

‘g{i* ‘%* “STL = -k'(x, y, 2)L(x, ¥, 2, 4, ¢)

k.(x, y, z) (2r 1
+ 4n I I p(x, ¥, z; &, ¢, u', ¢')L(X, Y, 2, u', ¢")du'de’
0 “7-1

+k(x, y, 2)L°[T(x, y, 2)] (22)

where u = cos 8
u' =cos 8
¢ =sin 9 cos ¢
{=ging6in¢

To solve Eq. (22) is very difficult in general, especlally if one considers horizontally inhomo-
geneous atmospheres with inhomogeneous boundaries. In this discussion, we shall conslider
one-dimensional atmospheres, i.e., those which possess horizontal homogeneity, and for
which:

3L _ oL

Rl 0 (23)
k;(s) = k'a(z) =x'(z)} - wo(z)] (24)
k! (8) = k. (z) = k'(zkog(2) (25)
k'(s) = k'(2) {(26)

~ Defining the dimensionless quantity optical depth as
o .
da = -k'(z)dz or q = I -k'(z)dz (27)
h
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we get for an equivalent {crm of Eq. (15):

dL wola) (2 01 .
Hag " Lia, u, ¢) - —¢ Io I lp(q: B ¢y 1y #9000, W'y ¢7)du'dé’ - [1 - wy(Q)]L (g} (28)

Thus, Eq. (28) is an integrodifferential equation which is used to describe the spectral radi~
ance in a vertically inhomogeneous, multiply scattering, isotropic atmosphere in which con-
ditions of local thermodynamic equilibrium are assumed to hold.

We now consider the solar radiation incident upon earth’'s atmosphere. The angular size
of the sun is about 30 minutes of arc but for practical purposes we shall assume that the sun
is a point source. Hence, we can write for the solar radiance at any point within the
atmosphere

Ly(a, t ¢) = Ey(q)0(n + 1) e - &) (29)

where EH(q) is the solar spectral irradiance on a flat surface normal to the direction of in-
cidence. The extraterrestrial value of the solar spectral irradiance Eo has been determined
by a number of investigators [33]. Most of the work over the past half century has been in
the form of ground-based measurements with extrapolations through the atmosphere to deter-
mine the extraterrestrial value. More recently, high-altitude balloons, aircraft, and space-
craft [34] have been used in order to eliminate the uncertainties due to the atmosphere.
The NASA Standard Extraterrestrial Solar Spectrum is now available in punched card form
from the Goddard Space Flight Center [35]. It should be noted that 99 percent of the golar
energy is in the range 0.276 um to 4.96 um, and 99.9 percent of the solar energy is in the
range 0.217 um to 10.87 ym. The solar constant, which is the solar spectrum integrated
over wavelength has a value of 135.30 mW/ cm2 at a distance of one astronomical unit. The
total annual variation is about 6 percent, from a high of 139.9 mw/cm2 at perihelion to a low
of 130.9 mW/cm2 at aphelion.

It is convenient to separate the direct solar radiation field from the diffuge radiatiun
field in analytical swudies. Thus, we can write the total spectral radiance as

Lq, 1, ¢) = Ly (q, o #) + Lpya, 1, 9) (30)

33. 8. 7. Henderson, Naylight and Its Spectrum, American Elgevier Publishing Company,
New York, 1970, pp. 72-73.

34. J. C. Arvesen, R. N. Griffin, Jr. and B. D. Pearson, Jr., "Determination of Extrater-
restrial Solar Spectral Irradiance from a Regearch Alrcraft,” Appl. Optics, Vol. 8,
No. 11, 1989.

35. M. P. Thekackara, Proposed Standard Values of the Solar Constant and the Solar
8pectrum, J. Environ. 8ci., Vol. 13, No. 4, Beptember-October 1870, pp. 6-8.
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in which LH(q. i, ¢) represents the direct solar radlance as given by Eq. (29) and LD(q, i, ¢)
is the diffuse radiance. Aiter substituting Eq. (30) into Eq. (28) we get

dLD ) wo(q) 21 v
Fgq - Lpl@ 9 - —5 «[o j 1p’.q: By & 1y $')Lp(q, p'y ¢')du ' dg’

wslq)

q
- E@nla; 1 8, =ty 8) = [1 - wg(@)] L*(a) (a1)
where . .
-/ ;
E (@=Eje Yo ‘ (32)

No exact solution of Eq. (31) has been found for a general scattering law. We can, however,
convert the integrodifferential equation of radiative-transfer into an integral equation. Thus,

for the upwelling and downwelling radiances, respectively,

"(QO'Q)/I‘
LD(Q) e ‘) = L(%’ Hy ¢) e

wol@)
4np

+

2rrl ) ,
J'o I quop(q'; w6, 1, ¢') e"(q -q)/n LD(q-" ', ¢')dq'du'd¢'
-l q

/u '

E,e -(1/uy+1/u)q

—(’———-jqowo(q')p(q': s ¢, -ty ¢g) € ‘o dq’
q _

. H p - wolaN L) €@V bag 0 <pus 339
q

and |
L@ 4 #) = L(O, -, ¢) VM

R wgla)
4zp

2nrl rq ) - '
Io I Jop(q'; ity 90 e @IVE Lo g aqiaptas

Eo e"I/“J'q e -(1/‘,0_1/‘1)(1. .
M e owo(q Wlq's -ty & = 1y &) € dq
q )
* :TJ‘O[I B wO(q')] L'(q') e-(q-q )/"'dq' O<usl - (34)
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o0
where 9 = j—k'(z)dz is the optical thickness of the atmosphere. Equation (33) describes the
0

upwelling diffuse spectral radiance at some optical depth q In an inhomogeneous atmosphere,
whereas Eq. (34) describes the downwelling diffuse spectral radlance. For homogeneous at-
mospheres, the single-scattering albedo wotq) and the single-scattering phase function are
independent of the optical depth q. In this case, some of the integrals can be evaluated and
we obtain

~(qy-a)/u
Lp(a, m ¢) = Ligy, u, 9) e

2n [
4,1“ I Pl & 1, 9 )I:o o0k L@, 1’y ¢')dq’du’ e’

. WoHoEgPts ¢, =1y, 8p) -q/u0 .e~q0/uU e-(qo-q)/u
anlu + )

l - .
. :’0 jqo e@-/1 yenae 0<pst (35)

and

LD(q, i, ¢} = L(0, -, ¢) e‘Q/u

2r
4,,u J. pl-u, ¢.u.¢)f “a-9Vu LD(q u', #')dq'du’ d¢’

! OMOEOP(‘H, ¢, “Hyr ¢0 [e_q/“ .e-q/“o]
4nu- )

1-w,rq - '
R OJ‘ e (q-9")/u i L'(q')dq' 0 <nsl;ufpo (36)
kJo

“o/u,

(qy =1y #) = L(O, =, d) e ©
Lpla, 44 Ho

w, 2101 q -(q-q't/
+ 4,30J j Py 9 ' ¢')_[ e & L@’y u', ¢')dq’ du’dg’

‘ L.(')d'
4% i w Jo ¢ 414

B = by (37)
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2.4 BOUNDARY CONDITIONS
In principle one should be able to find a complete solution to the radiation-transfer equa-

tion provided the boundary ccnditions L(qo, i, ¢) at the bottom surface, and L(0, -y, ¢}, at the
top of the atmosphere, are specified. If the cun is the only source of radiation external to the
atmosphere then the diffuse radiation entering the atmosphere is zero (l.e., L(0, -, ¢) = 0).
The conditions involving the bottom surface, considered to be opaque, are mere complicated.
In ordex; to deal with the surface one must consider the so-called bi-directional spectral re-
flectance and the directional spectral emittance. Let us consider a surface element dA with
its normal in the z-direction as illustrated in Figure 3. The differential area dA is at point
P(x, ¥, z), with z = 0. The incident radiauce is denoted by L(x, y, z = 0, u', ¢') and the ele-
mental reflected radiance dL(x, y, 0, i, ¢). The amount of radiant power incident on the sur-
face element per vnit area is L(x, y, 0, -p', ¢’)u'd2'. We then define a bi-directional reflec-

tance function as

- dL(x, y, 0, 1, $)
- LG' Y, 0, -u', @' )’ (38)

Helmholtz [36] showed that certain reciprocity relations exist for the bi-directional reflec-

fix, v, 0, p'y ¢, 1, ¢

tance function, i.e.,
f(x, y, 0, u', ¢, 1, ¢) =1(x, y,0, i, &, u', ¢") (39)

The reflection properties of a surface are completely determined by specifying the bi-
directional reflectance function for all ~..sles in hemispherical space and for all points (x, ¥)
on the surface for a given wavelength, o1 wavelength region, and polarization state. Most of
the determinations must be done experimentally [37], [38], and for that reason the data to be
collected are quite voluminous. Hence, it is convenient to deal with directional reflectances,
i.e., those reflectances which depend upon only one solid angle instead of two as in the bi-~

directional reflectance. For a more complete treatment of reflectance definitions, one shovld

consult McNicholas [39], Durkle [40], and Siegel and Howell [41].

38. H. L. Helmholtz, Physiologica! Optics, 3rd Ed., 1809,

37. Target Signature Analysis Certer, Data Compilation, Eleventh Suoplement: Vol. I,
Bidirectional Refiectances; Definition, Discussion and Utilization, and Vol. II: Bidirec~
tional Reflectance; Graphic Data, Report No. AFAL-TR-72-266, TSAC, Willow Ran
Laboratories of the Institute of Sclence and Technology, University of Michigan, Ann
Arbor, 1872,

D. Carmer, Target Signature Analysis Center: Data Comjllation, Tth Supplement, Infra-
red & Optical Sensor Laboratory, Willow Run Laboratories of the Institute of Science
and Technology, University of Michigan, Ann Arbor, 1869.

39. H. J. McNicholas, "Absolute Methods of Reflectometry,"” J. Res. Natl. Bur, 8td., Vol. i,
1928, pp. 20-72.

38.

(References Continued)
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In many studies of radiative-transfer one makes use of the corcept of Lambertian sur-
face, l.e., a surface which is perfectly diffuse. Consider the radiance reflected from a gen-

eral surface. From Eq. (38) we get

27 1
Lix, 5,0, 4, ¢) = j fo t(x, y, 0, p, ¢, u', ¢')L(x, y, 0, -u', ') u'du'd¢’ (40)
0
If the bidirectional reflectance is independert of angles, then Eq (40) becomes
2rpl .
L(X, ¥, 0, u, ¢) = f(x, Yy, O)J‘ j L(x’ y, 0, -u', ¢") “'du' d¢' (41)
070
But, by definition the integral is just the irradiance E(x, y, 0) on the surface. Thus,
42)

L(X, Y, 0| Hy ¢) = f(xt Y, O)E(xv Y 0)
If we now integrate this result over the hemisphere, we get a quantity called radiant exitance,

caused by reflection from the surface:

2r p1
M(x, y, 0) = fo fo L(x, y, 0, u, ¢) udude

= p(x, y, 0)E(x, y, 0) (44)

‘ 27,1
where p(x, y, v) =L IO f(x, y, 0) udud¢

= nf(x, y, 0)

The albedo of the surface can be defined as the ratio of this exitance to the irradiance, i.e.,
plx, v, 0) = Ml(x, y, 0}/E(x, y, 0) (45)

Therefore, for a Lambertian surface, the reflected radiation is given by:
Lix, v, ¢) - &80 Ope g, ) (46)

The total radiance from the surface is the resultant of the reflected radiation as developed in

the preceding equation, and the emitted radiation.

!
i . R. V. Dunkle, Spectral Reflectance Measurements, Surince Effects on Spacecraf?
Mater!als. J. Clauss {(ed.), John Wiley & Sons, N. Y., 1960,

R. Slegel and J. R. Howell, Thermal Radlation Heat Transfer, New York, McGraw-Hill,
N. Y., 1972,

41.
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Summarizing, we can now wrlie down the general boundary conditions for the transfer of
radiant energy through a plune-parallel, vertically inhomogeneous, isotropic, atmosphere

illuminated by a point source infinitely fa. awa,.

L0, -u, ¢) = 0 47

2n 1 '
L(ags 1, ¢) = Lp(ag, 1, ¢) + J.o Iof(m ¢, -u', ¢')Liqy, ~u', ¢") u'du'dg’ (48)
where LGE is the emitted radiation from the surface, f is explained above, and L(qo, -u', ¢')

is the total (solar plus diffuse) radiance at the surface. Using the relation (Eq. 38) for the

solar radiance we get

L(qo, B ¢ = LGE(qO’ B, ) + HoEo e-qo/uot(u, é, =g ¢0)

2n rl
+ '[o jo 1y, &, -u', ¢')LD(qo, -’y ¢") ' du' do’ (49)

Therefore, the radlances LD(qo, u, ¢) and L(qo, -it, ¢) are related by the boundary condition.
It should be noted that Eq. (49) represenis the surface radiance, which, in turn depends upon
the atmosphere. One can also define an intrinsic surface radiance which is independent ol the

atmosphere. If, In Eq. (49) we let the optical thickness 9 be zero, then we have no atmosphere

and the intrinsic radiance is

/

Denoting the quantity e Yo by 7., the atmospheric transmittance, we have for the surface

radiance L{qy, 1, ¢)

2n 1
+ Io IO 1y, é, -u', ¢')LD(Q01 -u', ¢ ' du' de’ (51)

2.5 RADIATION COMPONENTS

It is sometimes helpful to define the individual components of the radiation field. Con-
slder a plane-parallel inhomogeneous atmosphere bounded by a flat, uniform non-Lambertian
surface at temperature, T, a side view of which is shown In Figure 4. The (upwelling) radi-
arces for a downward looking observer are denoted by the numbers 1-8 and the (downwelling)
radiances for an upward looking observer are denoted by numbers 7-10. The first component
is the gurface radlance arlsing from the intrinsic emittance of the surfsce. It is given by

49
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 Lsglag 1 9) = eli, S)L*(T) (52)

where €(i, ¢) is the directional surface emissivity. The sccond component is that due to the

solar attenuated beam having been reflected at the surfoce. It is

/
LGH“‘O' 1, ¢) = HoEo e’qo uof(u, ¢, 1y 9p) (53)

The third component is the radlance at the surface due to diffusely scattered radiant energy

having been reflected. It is

2n¢el
Lcs(qo' 1, ¢) = jo jo f{u, ¢, =u', $)Lp(ay, ', ) ', du’ do’ (54)

The sum of these three components is called the surface or ground radiarce, i.e.,

A component not illustrated in the figure is the ground radiance after having been attenuated
over a path from the ground to the point at some optical depth q. It is the beam radiance and
is given by
-(qo"l\/u
LB(QO. Hy ¢) = LG(QO, K, 9) e (56)

where u is the cosine of the nadir angle. Note that this is the same as the first term on the
right hand side of Eq. (33). The fourth component is the singly scattered solar radiance and is

wo(q')

Lyss(@'s i #) = < ERlaip(a's uy ¢, =iy, ¢) (57)
whereas its integrated value over the path is called the singly-scattered path radiance and is
given by

E, VH q, ~(1/py+1/u)q’

Lpsg(as 1, ¢) = T‘I—L wola'ipla's 1, ¢, -1y, 8) € dq’ (58)

which, for a homogeneous atmosphere becomes
( ). WoloEoplin ¢, =ity 84) e-q./uo oy, ~(gy-a)/u (59) :
I"PSSq"“””- 4u(p+p0) ¢ e

The {ifth component is the radiance along a path for which radiant energv s being emitted by
the atmosph2re in local thermodynamic equilibrium, It is

51
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Lpp@ m ¢) = :—l.[:o[l -wola’] L*(q") e~a'-a)/u dq' (60)

which, for a homogeneous atmosvhere becomes

l-wo

Lpg(a w ¢) = jqo ela'-a/u L*(q') dq’ (61)

q
The sgixth component is the radiance along a path resulting from multiply scattered radiation.

It is given by

wqla)
me(q’ “" ¢) = 4”“'

2r (1 ,
Io f lj‘qop(q'; t &, u', 9" e (q 'Q)/# LD(q" ', ¢')dq’ du’ de'
* (62)

which becomes
W 2r rl '
0 ) - [ Y 14, [}
Lpns(@ 8 = “—“jo I.lp(u. ¢ u'y 0 )‘qoe (a'-a)/u Lp(a's u'y ¢)dq'du’de’  (83)

for « homogeneous atmosphere.

The sum of the last thre2 components is called path radiance, t.e.,

Lpa, i ¢) = Lpoola, wy ¢) + Lppla, 1, ¢) + Ly ,ola, 1, ¢) (64)
Therefore, we can write for the total upwelling radiance the general relation
Lypla: #s ¢) = Lilqy, 1 #)7la, gy, 6) + Lpla, 4, ¢) (65)
where
{9y-9)/ _
Ha, qp W) = € (66)

is the transmltfance.

We can now consider the same relations for the radiation observed by an upward looking
observer. The seventh component is the direct solar attenuated beam given by

Ly, =1, ) = Eg(@)0(u - ugdo(s - ¢5) - (67)
The eighth compor.ent ir the singly -scattered solar radiance, l.e.,

E, e VH a ~(1/1y=1/)q’ '
Lyss(@ = ¢) = --;;;—fowofq 0(a'; =i, ¢, =g, ¢g) € dq (68)

which for homogeneous atmocpheres becomes
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w E p(-u, ¢, -4, 8,) ’Q’/

The ninth component is the radiance along a path due to emission by the atmosphere. It is
114 y e~(a=a') 1y
Lpg(@ -m ¢) = ;Ijo[l - wy(@"]L*(g") e™ 9™ ¥ Maq (70)
which, for homogeneous atmospheres is

l1-wyrq _ ' '
Lpg(@, -t ¢)=-—5-9J'0e‘“ Vi Lq)eg )

Finally, the tenth con.ponent is the downward radiance due to multiply scattered radiation.
It is

w (q) r2rel rq '
0 [ [] [ - 1 ] ] ] ] []
me(q’ i, ) = rem 'fo J.]JOp(q Pl B, ', 9 e (a-q )/u LD(q y by ¢')dq’du'do
| . (12)
which becomes
. wy 271 q
0 + ' -(q-q' * [} U ] U
me(q. -, $) = ey A !_lp(-u. o U, )Io e~@-a’Vu Lp(a’, ', ¢')dq'du’de’  (73)

for a homogeneous atmosphere., The sum of the last three components giveg us the su-~called
sky, or downwelling, radiance.

Lon(@ b 9 = Lyccla, 1, 9) ¢ Lppta, = 9) + Loy o(a, =1, ¢) (74)
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3
METHODS OF CALCULATING RADIATIVE-TRANSFER FOR SCATTERING

3.1 INTRODUCTION

Scattering occurs from aerosols as well as from molecules in the atmosphere. Compared
to aerosol scattering, molecular scattering is negligible outside of the visible part of the spec-
trum. Significantly, the sun's emission spectrura peaks in the center of the visible region.
Thus, scattering by molecules can be considered confined mainly to the visible region, the
sun being the chief emitter of radiation scattered from molecules, since the peak of the atmo-
spheric radiation, emitted mainly by molecules, occurs beyond 10 um. On the other hand,
scattering by aerosols, depending on their sizes, is less strongly dependent on wavelength
and, in cases of heavy haze, can be effective in bath the visible and infrared regions. In this
report, we shall be concerned mostly with aerosols of the sizes consistent with so-called
clear-sky or near-clear-sky condition.., so that aerosol scattering in the long wavelength in-
frared region can usually be neglected. In the region of overlap between th- visible and infra-
red parts of the spectrum, or in the long wavelength reglons tcr cases when aerosol scattering
is not insignificant, we shall consider the mathematical representaiinns of scattering and
molecular absorption to be completely separable.

In this section, we shall consider only the effects of scattering by gaces, and scattering
and absorption Ly aerosols, in the spectral region 0.3 <A <2 um. All methods described are
not given equal space, especially if they have adequate exposure in the external literature.
The Turner method, for example, is given large coverage because its description is found
only in the reporting of contract work.

3.2 EXACT SOLUTIONS

The origins of modern radiative-transfer theory can be traced to the classic works of
Chandrasekhar [42] and Ambartsumian [43] in which they developed the fundamental mathe-
matics for the analysis of radiation in plane-paraliel atmospheres. Although the original
work related primarily to astrophysical problems, further advances in the theory during the
last thirty years have led to computational methods which are employed to solve many prob-
lems in atmospheric physics and neutron transport theory.

The mathematical complexities of radiative-transfer theory present major difficulties
to investigators who want to model the natural or artificial radiation field in a scattering
medium. The problem In the determination of the radiation field is basically due to: (1) the

42. 8. Chandragekhar, Radiative Transfer, Oxford University Press, 1950.

43. V. A, Ambartsumian, "Diffuse Reflection of Light by a Foggy Medium," Compt. rend.
(Doklady) Acad. Scl., USSR, Vol. 55, 1943, p. 229,
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uncertainty in the knowledge of the physical state of the medium as a result of one's inability
to measure enough state parametars, and (2) the complexity of the mathematical aualysis or
the length of computer time neeced to obtain significant results. It is the latter of the two
problems to which we will address ourselves in this section.

It is sbmewhat difficult to define an exact solution to radiative-transter problems. One e
can have an exact mathematical solution to an equation or system of equations which in turn
approximates the real physical medium. We shall mean by exact, those sol:tions for which
there are no approximations In the basic mathematical formulations of the radiative-transfer
equation for ideal atmospheres. Chandragekhar was able to derive a set of nonlinear equa-~ S
tions which could be solved to dete-mine the radiation field for a homogeneous plane -parallel
atmoephere which Is illuminated by solar radiation. He also considered polarization. Re-
sults based on his analysis for the case of a pure Rayleigh atmosphere are glven by Coulson,
et al. [44]. The computations are very laborious and are limited to small optica) thicknesses
and to the radiant energy emerging from the top and bottom of the atmosphere. Later, an ex-
tended mathematical study by Busbridge [45, 46], Mullikin [47, 48, 49, 50], and Sekera [51]
showed that one can also use the nonlinear equations to determine the radiation field within ,.,'_--
the atmosphere and for very large as well as small optical thicknesses. The solutions are
exact for any optical thickness. For the case of inhomogensous atmospheres as given: by e
Eq. (31) the analysis 18 less well developed. Only in recent years have investigators made ‘

44. K. L. Coulson, J. V. Dave and 2. Sekera, Tables Relate? to Radiation Emerging from a
Plaretary Atmosphere with Rayleigh Scattering, Uriversity of California Press,
Berkeley, 1960,

43. 1. W. Busbridge, Astrophys. J., Vol. 122, 1955, p. 327.

46. L W. Busbridge, The Mathemat!.s of Radlative Transfer, Cambridge University Press,
1960.

47. T.W. Mullikin, "Rac!ative Transfer in Flnite Homogeneous Atmospheres with Anlso-
tropic Bcattering, [I: The Unlqueness Problem for Chandrasekhar's v ¢ and ¢¢ Equa- .
tions,"” Astrophnya. J., Vol. 139, No. 4, 1964(a). ) et
48. T. W. Mullikin, "Radiative Transfer in Finlte Homogeneous Atmospl. r+s with Antso-
trop'.: Scattering, I: Linear Singular Equations,' Astrophys. J., Vol. 139, No. 1, )
1284(v). . -
49, T.W. Mullikin, "Chandrasekhar's X and Y Equations," Trany. of the Amer. Math. Soc.,
Vol. 113, No. 2, 19684(c).

80. T.W. Mulltkin, "The Complete Rayleigh-Scattered Field Within & Homogeneous Plane
Parallel Atmosphere,’ Astrophys. J., Vol. 145, No. 3, 1066,

81. Z. 8eksra, Reduction cf Equations of Radiative Tranafer in a Planetary Plane-Parallel
Atmosphere, RM-4951-PR and RM-5056-PR, The RAND Corporation, Santa Monica,
Caltf., 19R6,
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progress on an exact solution for inhomogeneous atmospheres [52, 53, 54]. It should be
pointed out, he wever, that this is a special form of inhomogeneity for which exact analytic
solutions are [ ssible; it does not necessarily corresoond to realistic atmospheric inhomo-

geneities.

A powerful mathematical method which has been used in recent years tofind a rigorous
solution to the radiative-transfer equation is the Normal-Mode Expansion Technique devel-
oped by Case [55, 56]. It is basically an attempt to formulate a golution to the linear transport
equation by using singular eigenfunctions, the unknown expansion coefficients of which are
determined by constraining the solution to fit the boundary conditions. In this way, it is sim-
ilar to the classical methods of golving partial differeatial equations in mathematical physics.
Some of the advantages of this method are: (1) it allows one to understand the nature of the
solutions, and (2) the method can easily be adapted to approximation procedures. This method,
as well as others, allows one to consider the case when wo(-r) > 1, l.e., a2 multiplication of the
particles, It is beyond the scope of this report to go into the mathematical detalls of this
method but the essential ideas can be found in Refs. [57, 58, 59, 60, 61 and 62].

52.

53.
54.

$5.

§6.

57.

58.

59.

60,

81.

62.

Z. Sckera, RAND Publlcation R-413-PR, RAND Corporation, Santa Monica, Calif.,
1963.

J. W. Chamberlain and M. B. McElroy, Astrophys. J., Vol. 144, 1986, p. 1148.

A. L. Fymet and K. D. Abhyankar, "Theory of Radiative Transfer in Inhomogeneous
Atmospheres, 1. Perturbation Method," Astrophys. J., No. 158, 1v89,

K. M. Cage, "Elementary Solutions of the Transport Equation and Thelr Applications,”
Ann. Phys. (N.Y.), Vol. 9, 19560, pp. 1-23.
K. M. Case, Recent Developments in Neutron Transport Theory, Michigar Memorlal

Phoenix Project, Lectures Prescnted at the Neutron Physics Conference, University of
Michigan, Ann Arbor, 1861,

K. M. Caze and P, F. Zwelfel, Linear Traneport Theory, Addigon-Wesley Publishing
Company, Reading, Mass,, 1657,

E. Inonu and P. F. Zweifc] (eds.), Developments in Transport Theory, Academic Press,
N. Y., 1847,

N, J. McCormick and 1. Kuzcer, "Half -8pace Neutron Transport with Linearly Anigo-
trople Bcattering,” J. Math. Phya., Vol. 6, 1963, pp. 1039-1845,

K. M. Case, On the Boundary Value Problems of Linesr Tranaport Theory, Tranaport
Theory, Vol. I, R. Bellman, G. Birkhoft and 1, Abu-Shumays (eds.), Proceedinga of a
8ympacium in Applied Matheinatica of the American Mathematical Soclety and the
Soctety for Industrial and Applicd Mathematics, Providence, R.1., 1969, )

M. N. O=isilk, Radlative Transfer and Interactions with Conduction and Convection, John
Wiley & Sons, N, Y., 1873,

B. W. Ro | Anmalytic Functions and Distributions in Physics and Engineering, John
Wiley & Sona, N. Y., 1639,
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Although the number of physical problems which can be soived by exact methods is quite

limited, these techniques allow one to understand tie physical principles and also serve as
standards against which the approximate methods can be compared. We shall now consider
the more practical computation models which are used to calculate the radiation field in

Earth's atmosphere.

3.3 ADAPTATIONS TO EXACT SOLUTIONS

3.3.1 ITERATIVE METHOD

Let us write the equation for total radiance in a homogeneous atmosphere in short wave-
length spectral regions for which thermal emission is considered negligible (or separable)
Inasmuch as in this section we shall be interested only in diffuse radiation, we ghall, for the
sake of simplicity, ignore the subscript, D, and assert in what follows that L = LD

-(qy-q)/u  wy 2rc1 (g’
L(g, #, 8) = Llag, 1, 9) € 0 + 4—,-,%'[0 j lJ'qop(q'. b 9, 'y o) e~fa-aVu
-1’q

x L{q', u', ¢')dq'du'de’ (15)

or, in a more general form as

L(q) = L{qy) 7 + wyHL(q) (18)
-(qg-9)/n
where 7 =e and the operator H is defined by
2r rl PRy,
HL() = ooz 0 j J pta’s 8.ty 89 €4V, 1, ) g ane (77)
-1"q

Equation (76) can formally be written as

(I - wyH)L(q) = Ligy)7 (78)
and the solution is
-1
L{q) = (1 - wOH) L(qo)'r (79)
where (I - wOH)"l derotes the inverse operator and I is a unit operator. Thus,

L(g) = (1 cwg +wln e e w{,&:“)uqo)r (80)

z L(qo)-r + wOHL(qo)T - wgﬂzL(qo)-r toeaat wgﬂnL(qo)r (81)

which will converge to the exact solution as n = = providing certain conditions hold true for

wo and the operator H. For this Neumann series to converge
57
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lwgl < 1/M(qy - @) (82)
where M is the maximum value of the kernel in intezral equation (75). Physically the first
term in Eq. (81) is the directly attenuated radiance, the second term is the singly scattered
radiance, and so on up to the n-th term which represents the scattering of a photon n times
in the atmosphere. It can be seen from Eq. (81) that if the single-scattering albedo Wy is
small, i.e., if there ig little scattering or much absorption, the series can converge rapidly
and only a few terms will provide a reasonable solution. Irvine [83, 64, 65] has applied the
Neumann series method [66] to the solution of radiative transfer problems, and Herman and -
Browning [67] have used the Gauss-Seidel method of iteration [68]. Some results of Herman
and Browning's method are illustrated in Figure 5, with polarization included. Heré they cal-
culated the radiance emerging from the top and bottom of a homogeneous, plane-parailel at-

mosphere with Rayleigh scattering and compared the results with those of Coulson, et al.
[1960]. Herman et al. [69] extended this analysis to include aerosol scattering in more
realistic atmospheres. Figure 6 illustrates typical results of their calculations for a fit to
experimental data on optical thickness of the atmosphere in the Tucson, Arizona area. The
normalized radiance is shown in the solar plane for a solar zenith angle of ~22.5%. The quan-
tity q_, is the acrosol optical thickness and qp s the total (aerosol plus Rayleigh).

It should be understood that the iteration technique can be quite time -consuming on a ;
computer, egpeclally if large optical thicknesses and vertical inhomogeneity is considered, '
although the computer time can be drastically cut if polarization i{s neglected. i

3.3.2 SPHERICAL HARMONICS METHOD
The spherical harmonics method has heen used for quite some time by investigators in

neutron transport studies. Here we cousider its use for the one-dimensional radiative-
transfer problem. The basic equation for homogeneous atmosphere is: :

683. W, M. Irvine, Astrophys. J., Vol. 152, 1068, p. 828.
4. W. M. Irvine, "Multiple Scattering by Large Particles, Ii: Opticxily Thick Layers,"”
Astrophys. J., Vol. 152, June 1888. ;
1
65. W. M. Irvine, An Evaluation of Romanova's Method in the Theory of Radiative Transfer, {
in The Atmospheres of Venus and Mars, J. C. Brandt and M. B, McElroy (eds.), Gordon '

and Breach, N. Y., 1868,
66. F. B. Hildebrand, Methods of Applied Mathematics, Prentice-Hall, N. Y., 1952,

87. B, M, Herman and 8. R, Browning, "A Numerical Solution to the Equation of Radiative
Transler," J. Atmos. Sci., Vol. 22, No. 5, 1865, pp. 559-568.

68. F. B. Hildebrand, Intrcduction to Numerical Analysis, McGraw-Hill, N. Y., 1858,

69, B. M. Herman, 8. R, Browning and R. J. Curran, “The Effvct of Atmospheric Aeroaols
on Scattered Sunlight,” J. Atmos. Scl., Vol. 28, No. 3, 1971, pp. 412428,
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FIGURE 5. TRANSMITTED AND REFLECTED TOTAL INTENSITY, PERCENT POLARIZATION.
The solid curves are from Coulson, et al. {1960) while the encircled points are from the

calculations of Herman and Browning (1971). (q = 1.0: u = 0.4; ¢ =0).
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:A ~..= Pure Rayleigh (q, = 0.27)
Ao R
o’ L‘-“

o 6/15/617 Qo = 0.35
Tucson 0= 0.9397

w 1 » 6/8/67 9p = 0.31

Tucson Ho = 0.9272

woH . N " " N N N N
0 02 04 o086 08 0 O8 06 O4 o0z O

P g

FIGURE 6. MEASURED AND THEQRETICAL
TRANSMITTED INTENSITIES. (Reproduced
from Herman, Browning and Curran, 1965 [69].)
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w -q/
- {,?p(“’ ¢’ "uo’ ¢0)Eo e uo (83)

The basic idea is quite simple; we merely represent the scattering phase function by an ex-
pansion in Legendre polynomials, P(, l.e,,

N
p(§) = ZAKPE(E) (84)
=0

where one uses the orthogonality propert& of the polynomials to obtain the expansion coeffi-
clents A!’ i.e., ‘

1
20 + 1
Al= 3 LIP(E)Pf(E)dﬁ (85)

In actual practice, the representation of i typical atmospheric haze type polydisperse phase
function will require up to 200 terms. Using the additive properties of the spherical harmonics
we. get

P(u-’ ¢1 ll»', ¢') = iA‘ Pl(u)l’t(#')
£=0

+2 . ::x ::PT(u)PT(u') cos m{¢’ - ¢) (86)
n=1

If we now expand the radiance in a set of spherical harmonics as

& N
1{q, 1, ¢) = Z Z Alm(q)P?(u) ccs mig, - ¢) 87

m=0 ¢=m
and insert this expression into Eq. {83) we get a system of differential equations

(l-m)dAl-lm l*—mi»l)dA

£+1,m
BT-1) “dq ' Qi+3) dg

[y Core), @oFpl@ - Som® gnt-D™ PR
T2 ) fm T 4 8)

where

60




e e, e

hl
2 Ehi.‘d
FORMERLY WILLOW RUN LABORATORIES. THE UNIVERSITY OF MICHIGAN

(£ - m)!
By = ATy (89)

with the conditions
(t=m,...,N; 0=<m=N) (90)
Assuming a solution of the form
. €q
Apal@) =g (8 e (91)

we get an eigenvalue problem. Substituting Eq. (91) into Eq. (88) leads to the matrix equation

x . ~ .
AVm = AVm (92)

where A is a square matrix of order 2r, where r is the number of terms chosen, and x = 1/£.

ﬁm 0 0 ... 0
0 ﬁm+l 0o °°° 0
-4
A= . . . e . (93)
.. . e 82r-2+m
0 * * %rim 0

and the matrix elements are given by

- (2 + m)(2€ « 1)
Tmel T2+ 1 -wyA ) (94)

o {(fem+ )22 +1)
B+t © (20 +3)(20+ 1 -wOA? (95)

The eigenvalues are found by taking the determinant of the matrix equation:

det (A -AT) = 0 (96)

Knowing the eigenvalues M=1/£)allows one to use Eqs. (91) and (87) along with the appropriate
boundary conditions to determine the coefficients A im( 7).

This method has beea used by nevtron transport theorists [70, 71, 72, 13, 74] and by in-
vestigators of radliative-transfer problems (Chandrasekhar, 1950, and Refs. [75, 76, 77, 78]).

70. B. Davison, Neutron Transport Theorvy, Oxford University Press, 1957.

71. J. Yvon, 'La Diffusion Macroscopique des Neutrons: Une Methode d' Approximation,”
J. Nucl. Energy 1, Vol. 4, 1957, pp. 305-318, '

{References Continued)
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One of the problems encountered in using this method is the propagation of roundoff evrors.
The matrices are {ll-conditioned in some instances and the system i8 numerically unstable.
Canosa and Penefiel, however, were able to produce well conditioned matrices and eliminate
most of numerical ingtabllity by using various transformations on matrices. Under certain
conditions as for example, a Rayleigh-type atmcsghere, the spherical harmomcs method is
much faster and more accurate than the iterative technique, but for realistic atmospheres with
strongly anisotropic aerosol scattering the advantage over the iterative technique is not that
great. This is because many coefficients (A 2) are »required in Eq. (84) to repregent the scat-
tering phase function, which increases the size of the matrix (Eq. 93), whereas the iterative
method is independent of the degree of anisotropy. Because of recent advancements in ma-
trix computer analysis [78], the spherical harmonics (P 1) method can be made more efficient
than the iterative technique for thick atmospheres. Typical computer times are given in
Table 3 by Canosa and Penefiel for the calculation of fluxes in homogeneous atmospheres,
i.e., integrals over the angles 8 and ¢. The work was done using FORTRAN IV with an H
compiler on an IBM 360/195. Table 4 gives the storage requirements using double precision

arithmetic.

There are other methods which have been used which are quite similar to the spherical
harmonics or P ¢ method. One is the Gauss quadrature method which approximates the scat-
tering integral by polynomials {Kofink, 1967). Another variation, used especially in neutron
transport studies is the double P ‘ method in which the radiance is expanded into separate
Legendre series, one for u > 0 and one for u < 0. This gives a better representation of the

72. E. M. Gelbard, Spherical Harmonica Methods: P¢ and Double-Pp Appmlmaﬂons, in
Computing Methods in Reactor Physics, H. Greenspan, C. N, Kelber and D, Okrent
{eds.), Gordon and Breach, N, Y., 1968.

73. W. Koflik, Recent Developments in the Spherical Harmonica Method and New Integral

Solutions of the Boltzmann Equation in Spherical Geometry, in Developments in Trans-
port Theory, E. Inonu and P. F. Zwsclfel (eds.), Academic Press, N. Y., 1867,

74. M. M. R. Williams, Mathematical Methods in Particie Transport Theory, Wiley-
Interscience, N. Y., 19871,

78. E. M, Feigelson, M. §. Malkevich, 8. Ya. Kogan, T. D. Koronatova, K. 8. Glazova and
M. A. Kuznetsova, Calculation »of the Brighawss of Light in the Case of Anisotropic
Scattering, Consultants Bureau Inc., N, Y., 1960,

76. J. Marengo, "Application Numerique de 2. Methode des Harmoniques Spheriques," Nouv.
Rev. d'Optique Appliquie, Vol. 1, No. 8, 1870, pp. 181-190.

77. J. C. Gulllemct, "Contribution a L' Etude du Transfert de Rayonnement dans les Nuagea
par la Methods des Harmoniques Spheriques,” Revue d'Optique, Vol. 46, No. 6, 1967,
pp. 281-308,

78. J. Canosa and H. R. Penafiel, "A Direct Solution of the Radiation Transfer Equation:
Application to Rayleigh and Mie Atmospheres,” J. Quant. Spect. Rad. Trans., Vol, 12,
1978, pp. 21-39.
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TABLE 3. NET FLUXES FOR A MIE ATMOSPHERE OF ONE OPTICAL THICKNESS.

All cases solved using 64 layers.(From Canosa and Fenafiel, 1973 [ 8] .)

Cosine of
the sun's
zenith angle Wavelength

() Haze® (w)
1.0 L 2.45
0.5 L 2.45
1.0 L 0.595
0.5 L 0.595
1.0 L 0.3025
0.5 L 0.3025
0.5 M 0.3025
1.0 M 0.3025
0.8 M €.3025
0.6 M 0.3025
0.4 M 0.3025
0.2 M 0.3025

Net Flux

Integral equation Spherical harmonics

iteration method (Pr,) methnd **
No. of

Condition-

Top Bottom Top Bottom L ing Points
2.7193 2.7193 2.719S5 2.7193 9 0
1.0612 1.0605 1.0599 1.0600 9 0
2.8130 2.81786 2.8130 2.8130 21 2
1.1402 1.1387 1.1394 1.1395 21 2
2.8074 2.8078 41 4
1.1511 1.,1501 1.1506 1.1507 41 4
1.1825 1.1818 1.1821 1.1822 7 &
2.8466 2.8466 67 8
2.1747 2.17148 67 8
1.5076 1.5077 67 8
0.8693 0.8694 67 8
0.3275 0.3278 67 8

Computation

time (sec)

Y

18.41
20.84
21.17
2117

24.15
24.717

T This timing is for the two values of Hy shown for the given wavelength, which are

solved .n one pass.

fThis timing is only for the value B, = 0.5.
#This time is for the five values of My shown for Haze M, = 0.3025 pu, which are

solved in one pass.

*], = terrestrial haze; M = marine haze
**1, + 1 = No.of terms in expansion

IBM 360/195

tsh
o.17f

0.86"

4.19
16.78¢

19.283%

TABLE 4. STORAGE REQUIREMENTS FOR DOUBLE PRECISION (From Canosa and
Penafiel, 1973 [78].)

JENSE

Approximation L. No. of layers No. of cond. points Storage

7
7
15
21
41
67
1

64
128
128

64

64

64
512

3
3
17

33
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115K
120K
130K
250K
306.8K
585K
156K
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radiance than twice as many terms in the single Legendre seriea. An outline of this is given
by Case and Zweifel (1967) and Gelbard (1968). So far this method has not been tried for ra-

diative transfer problems.

3.3.3 DI3CRETE ORDINATES METHOLS

There are many problems, especially in nuclear reactor aralysis, which are extremely
dl(ficult to solve analytically by the usual methods. An approximate technique which has been
used for some time is that of discrete ordinates. One can discretize the angular variables,
the space variables, or both in order to arrive at a set of difference equations. This method
is therefore more easily adapted to computer methods.

The first method using discrete ordinates wax that of Wick {79] In which the angular in-
tegration is replaced by a weighted sum. For simpllcity let us consider the radiative-transfer

equation with azimuthal symmetry:

wqrl
W) - 1iq, 10 - 2 ol WLt W) 1)

The angular integral is replaced by a summation

1
N
I plp, u")L(g, n')dy' =Z{‘p(u, uLia, k)W, : ' (98)

-1 =

where the p1, are zeros of the Legendre polynomlals PN(;'.) and the w, are Christoffel nambers
or relative weights. Recently, an efficient variation of this method has been developed by
Whitney [80] based upon a special cholce of discrete angles. According to Whitney, the com -
puter program is much faster than previous programs and certainly faster than Monte Carlo
programs. At the present time, some of the disadvantages are that it is 'difficult to use un-
less curvature is significant, and that fluxes are difficult to determine. Also, it is desirable

\

that estimates be made of computer time and accuracy.
Another variation of the discrete ordinates method ig the s method in which the angular
interval -1 <y < 1 ig divided into N gubintervals [ui -1 ;L] i= l 2, ..., Nand the radiance

is assumed to vary linearly with u: ‘1

|
L(qi ul_l) (99)

B
1

Lig, p) = ——L,

(9, w) “1 oy (@, 1) + e

79. G. C. Wick, Z. Phys., Vol. 121, 1943, p. 702,

80. C. Whitney, “Imglications of a Quadratic Stream Definition In Radlative Transfer
Theor:," J. Atmos. Sci., Vol. 29, No. 8, November 1972, pp. 1520-1530.
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When Eq. (99) is substituted into the radiative-transfer equation, a set of N equations results,
known as the SN set. This procedure has the advantage that it can be applied to alarge number
of geometric configurations bcth of boundaries and ccurces. Some of the disadvantages are

that negative fluxes may result and a very fine mesh is needed for high accuracy. Because of

its utility in nuclear reactor problems, many programs and options have been developed over
the years. A summary of some of these programs is given by Lathrop [81] and Carlson ard
Lathrop [82], and the basic ideas of the SN method are described by Lee {83]. For investiga-
tions in radiative-transfer, these programs are somewhat cumbersome to use. Nevertheless,
an almost complete compilation is provided by the Radiation Shielding Information Center at
the Oak Ridge National Laboratory.

The discrete ordinates approach to solving the radiative-transfer equatica is regarded by
some as a more fundamental methou of solving the equation rather than being 4n approxima- \
tion to an exact formviation. Thus, there has emerged a rigorous basis for the so-called dis~
crete space theory ty Preisendorfer [84). These ideas have culminated in the practical appli-
cation of discrete space theory to the solution of the radiative-transfer equation by Grant and
Hunt [85, 86 ], and Hunt and Grant [87]. This method has been applied to a number of practical
problems but limitations do exist. So far only a Lambertian surface has been considered and
multidimensional problems have not been investigated in detail. Also the computer time can
be significant espectally for a large number of parameter values.

3.3.4 INVARIANT IMBEDDING
Another method which has been successfully used in the analysis of transport problems
is that of invariant imbedding. Manjy of the ideas of the invariant imbedding approach were

81. X. D. Lathrep, "Discrete Ordinates Methods for the Numerical Solution of the Transport
Equation,” Reactor Technology, Vol. 15, No. 2, 1972, pp. 107-135,

82. B. G. Carlson and K. D, Lathrop, "Transport Theory, The Method of Discrete Ordina‘es,”
Computing Methods in Reactor Fhysics, H. Greenspan, C. N. Kelber and D. Okrent, :
(eds.), Gordon and Breach, New York, 1968, \

83. C. E, Lee, The Discrete Sy Avproximation for Transport Theory, Repart No. LA -259%,
Los Alamos Scientific Laboratory of the University of Calif, Los Alamos, N. M.,
1962,

84. R. Preisendorfer, Radiative Transfer on Discrete Spaces, Pergamon Press, Oxford,
1965, .

85. I. P. Grant and G. E. Hunt, "Diacrete S8pace Theory of Radiative Transfer, I: Funda-
mentals,” Proc. Roy. Soc. Lond. A., Vol. 313, 1969(a), pp. 183-197.

26. I. P. Crant and G. E. Hunt, "Discrete Space Theory of Radiative Tranafer, II: Stability
and Non~Negativity,” Proc. Roy. Soc. Lond. A., Vol. 3183, 18¢5(b), pp. 199-2186.

87. C. E. Hunt and 1. P. Grant, "Discrete Space Theory of Radlative Tranafer and Its Appli-
cation to Problems in Planctary Atmospheres,” J. the Atmos. Sct., Vol. 26, September
1969, pp. 963-972.
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formulated bty Ambarzumian (1948) and Chandrasekhar (1950) based upon fundamental princi-
ples of invariance. However, the first application of invariant iratedding to the practical solu-
tion of radiative-transfer problems was by Bellman and Kalaba [88] witn numerical results

by Bellman, Kalaba, and Prestrud [89] and Bellman, Kaginunda, Kalaba, and Prestrud [90].

For the purposes of {llustrating the invariant imbedding approaéh to the solution of
radiative-transfer problems, let us consider radiation incident on a thin slab and at an argle
80 with respect to the outward normal to the surface. The reflected radiation will be at 'some
angle 8 as illustrated in Figure 7. The beam intensity will be reduced by an amount e'k x
through the infinitesimal slab of thickness x, or ~1-k'x. A fraction of the enorgy is reradiated.
This fraction is the single-scattering albedo woe For simplicity, we shall have azimuthal
symmetry and agssume that each scattering is lsotropic. If we denote I(Go, 8, x) as the gpecific
intensity of rellected radiation (in using I, we retain the nomenclature of the original work), then

for the specific intensity at x + A as illustrated in Figure 8 we get
k'(xwy(x)a
41rp.0

| K'tx) MSER
1(90, 6,x+4)= (1 - TD~A>I(00, 8, x)Kl am A/ +
Zﬂk'(x)wo(x)b n/2

4rru°

/2 k'(x)wo(x)A
.2 j idnbiidnd M
0 4np

of (/2 k'(x)wg(x)a Men/2
+4n j K6,, 8'y, x) ——————sin a’de’JU 1(6('), 6, x) sin 96 dob
0

I( 96, 8, x) sin 90“(3

1(90, 9', x) sin 6'dg"

0 4mp
(100)

where u = cus 6 and u, = cos O The first term in Eq. (100) is due to losses (absosption) in
passing through the layer of thickness A on the way in and on ihe way out. The second term

is the contribution due to direct scattering from the layer of thickness A while the third term

is due to radiation which is scattered in the layer of thickness A and then reflected from the
slab of thickenss x. The fourth term represents radiation reflected from the slab of thickness x

88. R. Bellman and R. Kalaba, ""On the Principle of Invariant Imbedding and Propagation
Through Inhomogeneous Media," Proc. Nat. Acad. Sci., USA, Vol. 42, 1956,
pp. 629-632.

89. R. Bollman, R. Kalaba and M. Prestrud, Invariant Imbedding and Radiative Transfer in
Slabs of Finite Thicknesa, American Elsevier Publishing Company, New Yort, 1862,

90. R. Bellman, H. Kagilwada, R. Fol:ba aid M. Prestrud, Invariant Imbedding and Time
DLependent Processes, Am~cican Elsevior Publishing Company, New York, 1864.
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FIGURE 7. INVARIANT IMBEDDING

CONFIGURATION
{
A ~ J
A x

FIGURE 8. ADDITIVE SLAB CONFIGURATION

FOR 'NVARIANT IMDLDDING
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and then scattered in the layer of thickness A. The last term, which is nonlinear represents the
contribution of radiation that is reflected from the siab of thickness x, ecattered in the layer of
thickness A, and then rereflected from the slab of thickuess x. Additional terms of order A2

are small and are ignored. Passing to the limit as A -0 and defining
Ry, uy, x) = 18y, 6, x)uo/4 (101)

we get the following nonlinear integrodifferential equation:

1 1
L SRV O A S M ¢ ‘}E_LJ' dy”
kr(x'j‘w‘o'(x)’[ax +k(X)(“‘0 + “)R] = [1 + ZJ'O Rlu, u', x) ur][l *t3 OR(# » Mgy x)“f:.?' (102)
with the initial condition

Riu, “0» 0)=0 (103)

Thus, we see that we have a non-linear integrodifferential equation subject to an initial value
condition instead of the usual linear transport equation with a two-~point boundary condition.
The advantage of using this method is that an initial value problem can be solved easily by
means of a simple iteration procedure on a computer whereas the classical approach using
the two-point boundary condition usually Involves the solving of a large system of linear equa-
tions. Also, there is the additional advantage that the radiation field is calculated as a func-
tion of the distance x into the slab and thus we are able to determine the internal radiation
Ileld. For computations, Eq. (102) can be converted into a system of ordinary differential
equations using a quadrature integration method for the integrals.

In recent years, the invariant imbedding approach has been applied to a great number of
problems, including anisotropic scattering [91], spherical shell atmospheres [82] and time
dependence [93]. Comparisons have been made between Chandrasekhar's results and those
baged on invariant imbedding, and the agreement i{s good. Some of the disadvantages of this
technique are the long computer time especially for optically thick media and the fact that
each problem requires a whole new formulation of equations.

91. H. H. Kagiwada .d R. E, Kalaba, "Estimation of Local Anisotropic Scattering Proper~
ties Uslng Measurements of Muliply Scattered Radiation,” J. Quant, Spect. Rad, Trans.,
Vol. 7, 1967, pp. 295-303.

22. 8. Ueno, H. Kagiwada and R. Kalaba, "Radlative Transfer in Spherical Shell Atmo-
spheres with Radial Symmetry,” J. of Math. Physics, Vol. 12, No. 6, 1971, pp. 1279~
1285.

93. P. E. Bellman, H. H. Kagiwada and R. E. Kalaba, Time-Dependent Diffuse Reflesction
From Slabs with Multiple Scatiering, Memo RM-5070-PR, The RAND Corporation,
July 1966.
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3.3.5 DOUBLING TECHNIQUE

In the case of the iterative solution we found that convergence of the Neumann series was
very slow,especially for thick atmospheres. Also, in the invariant imbedding method the addi-
tion of many thin layers to obtain a thick atmosphere is time consuming. It was van de Hulst
[94] who first considered the simplification of adding layers of which eack successive one
was twice the optical thickness of the preceding layer. Thus, even though one gtarts the com-
putational process with a very thin layer 7o’ after say 10 cycles, a thickness of 21010 is
reached. Hence, we have a very rapid computational procedure. Some of the disadvantages
are that only homogeneous atmospheres can be d2alt with efficlently and the overall accuracy
is difficult to estimate. Nevertheless, some interesting results have been found using this
method in the analysis of clouds by Hansen [95, 96].

3.3.6 MOMENT METBODS
Another mathematical method which has been devised to solve radiative-transfer prob-

lems is the moments method originally devised by Krook [97] and later developed by Sherman
{98] and Liner [99]. Baslically, the method is quite simple. One defines the quantities

1
M_- %I W"L(q, 1) dp (104)
-1
with the corresponding positive and negative half moments,

1 .
M, - %L W'Llg, 1) dy (105)

0 .
M, = %I n "L(g, p)du (1086)
-1

#4. H. C. Van de Hulst and K. Grossman, "Multiple Light Scattering in Planetary Atmo-
sphercs,” The Atmospheres of Venus and Mars, J. C. Brandt and M. B. McElroy (eds.),
Gorden and Breach, N. Y., 1968,

95. J. E. Hansen, "Exact and Approximaie Solutions for Multiple Scattering by Cloudy and
Hazy Planetary Atmosphe~es,” J. Atmos. 8ci., Vol. 29, No. 3, May 1969(a), pp. 478~
487,

96. J. E. Hansen, "Radiative Tranafer by Doubling Very Thin Layers," Astrophys. J., Vol.
155, February 1969(b).

97. M. Krook, Astrophys. J., Vol. 122, 1053, p. 488,

98. M. P. Sherman, "Moment Methods in Radliative Transfer Problems," J. Quant, Spect.
Rad, Trans., Vol. 7, 1967, pp. 20-109.

99. R.'r. Liner, Jr., Moment and Diacrete Ordinate Methods in Radiativa Transler Prob-
lems, Vol. 8, 1869, pp. 7T21-7%2.
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It should be noted that the zenith moment is the average radiance and the first moment is the
irradiance or flux. Hence, one can use these expressions in the radiative-transfer equation

to get a solution to any order n, l.e,,

: n-1 n
L, 4 = Zd‘Anmu
n=

where the An are expangion coefficients, It tirns out that this procedure is equivalent to the

discrete ordinates method using a half range with similar degrees of accuracy.

(107)

3.3.7 MONTE CARLO
A statistical procedure called Monte Carlo has been used in particle transport analysis

for the past thirty years. It consists basically uf a particle counting method with probabilities
associated with the physical processes involved. Much ¢’ the early work dealt with neutron
transport in complicated geometrical systems whereas ir recer* years the method has been
applied to a variety of problems including photon transport in the atmosphere.

The basic description of a Monte Carlo process is as follows: One devises a computer
program in which the physics of the problem Is described in a probabilistic manner. Along
with a well-defined coordinate system and boundary conditions the particles are released
from a source and then they are followed as they undergo scattering and absorption. The
processing continues until reasonable statistical estimates have been obtained. In this general
way, Collins and Wells [100], Collins [101], and Wells and Marshall [102] have calculated the
visible radiation field within the atmosphere and Plass and Kattawar [103], and Kattawar and

Plass [104] have done similar calculations for clouds.

The main advantage of the Monte Carlo procedure is that very complicated geometrics
can be considered. The main disadvantage is the excessive amount of computer time which is

100. D. G. Collins and M. B, Wells, Monte Carlo Codes for Study of Light Transport in the
Atmosphere, Vol. I. Description of Codes, Vol. 11, Utllization, ECOM-~00240-F I,
ECOM-00240-F 1, 1965.

101. D. G. Collins, Atmospheric Path Radiance Calculations for a Model Atmosphere, Report
No. AFCRL-§8-0124, Air Force Cambridge Regcarch Laboratories, Bedford, Mass.,
1968,

102. M. B. Wells ana J. D. Marshall, Monochromatic Light Intensities Above the Atmosphere
Resulting from Atmospheric Scattering and Terregtrial Reflection, Radiative Research

Assoc., Inc., F!. Worth, Tex., 1968.
G. N. Plass and G. W, Kattawar, "Influence of Single Scattering Albedo on Reflected and

103.

Transmitted Light from Clouds," Appl. Optics, Yol. 7, No. 3, February 1988, pp. 361-367
104. G. W. Kattawar and G. N. Plass, "Infrared Cloud Radiance," Appl. Optics, Vol. 8, No. 6,

June 1969, pp. 1169-1178,
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expended to obtain reasonably accurate values. The accuracy is proportional to the square
root of the number of particles counted. Except for unusually complicated geometries it is

probably best that the user apply less computer-time conguming techniques.

3.4 APPROXIMATE METHODS

The methods discussed in the preceding sections all have one thing in common: they pro-
vide mathematically exact solutions to certain classes of radiative-transfer problems if one
continues to increase the number of terms in a series ar if the computer time is increased.
High accuracy, however, is not always necessary, especially in many engineering applications,
because usually one does not know the pertinent input paramete: values well enough. Speed
and overall efficiency of operations are often more important and for these reasons it is de-
sirable to have mathematically approximate models which use very little computer time and

which give reasonably accurate results.

3.4.1 SCHUSTER-SCHWARZSCHILD METHOD
Early in the twentieth century, Schuster (1905) and Schwarzschild [105] introduced a sim-
ple method of directional averaging. The radiation field is assunied to be nearly isotropic and

averages are taken over the upward and downward hemispheres:

2n 1 '
L’(q) = J;) JO L(q, u, ¢)dud¢ (108)

2n 00 ’
L_(q) = f j L(q, p, ¢)dude (109)
07-1
and also a weighted average,

2n p1
E*(Q) EJ’ f nl(q, u, ¢)dude (110)
00 \

2r »0
E_(9) Ef J ul(q, p, ¢)dude (111)
0 /-1
Then, with the assumption of a nearly isotropic field we have

1
E (9 = 5L (q) ‘

E_(@)= 1L o |

!
105. K. 8chwarzechild, "Uber das Gleichgewicht der Sonnenatmosphere,” Gottinger
Nachrichten, ¢ol. 41, 1806.
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Using these formulas in the radiative-transfer equation with an isotropic scattering law,

aL _ g ¢)-°—,9f2"r L(q, i, ¢')du’ d¢' (113)
udq“ q, K, 47 0 1 qy u:‘

provides us with two differential equatiors instead of the integro-differential equation.

dE_(q)
(114)

—a = (2 -k (@) - wgE (@

dE_(q)

—dg = ¥oE. @ - 2 -w))E (q)
When these coupled equations are golved using the appropriate boundary conditions one ob-
tains the irradiance (upward and downward) at any point in the medium. Because of the as-
sumptions on the directionality of the field (Eq. 112) we expect a model based upon thege ag~

sumptions to be especially valid deep within an atmosphere rather than near the boundaries.

(115)

3.4.2 EDDINGTON METHOD
In 1926, Eddington [106] introduced another averaging methed. Thig time we average

over all space rather than over hemispheres, i.e.,

~ 1%

L= EIO I_IL(Q, H, ¢)dude (116)
Integrating Eq. (113) gives

dé _— . =

dq = T@ - wgL) (117)

which shows that the flux &(q) 1s a constant if there is no absorption. Multiplying Eq. (113) by

u and integrating nver all space gives

dK (118)

aq - &(q)

where

1 2n rl
@(q) = o o J 1uLL(q. u, ¢)dudd (119)

and

106. A. 8. Eddington, The Interval Constitution of the Stars, Cambridge University Prese,
1926.
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1211

1
K(q) = yr o I luzL(q, u, #)duds (120)

The Eddington assumption is that the field is almost isotropic, L.e.,

K(q) = 1/3L (121)
or

"2——; = 3(1 - wy)Liq) (122)

dq

We expect this approximation to hold when we have very thick atmospheres.

Comparisons have been made tetween the Schuster-Schwarzschild (two-stream) model
and the Eddington model (Irvine, 1968). The conclusion is that the two-stream model is bet-
ter when low crder scattering dominates. The Eddington method fails for conditions near the
boundary (i.e., for lurge solar angles).

3.4.3 ROMANOVA'S METHOD

One of the major difficulties involved in the solution of the radiative-transfer equation is
how to deal with the high degree 2)( anisotrophy of the scaitering phase function. Romanova
(107, 108, 109] bhas developed a method based upon a small angle approximation similar to
that used by Wang und Guth [110] in nuclear physics. If one were to expand the phase functlon
in a series of Legendre polynomials many terms would be required and this leads to the
rather difficult eigervalue problem in the spherical harmonics method. Romanova's method
consists of expressing the radiance as the sum of two terms, one for gmall angles, i.e., the
highly anisotropic part of the phase function, and another for the remaining part of the phase

function.

Lg, i ¢ = L (a, 1, ) + Llq, 1, 9) (123)

The L Ba(q, i, ¢) solution is found by replacing u by Ky in the radiative-transfer equation and
new boundary conditions, l.e.,

107. L. M. Romanova, "The Solution of the Radiative-Transfer Equation for the Case When
the Indicatrix of Scatlering Greatly Differs from the Spherical One, 1," Opt. 8pek.,
Vol. 13, 1862(a), p. 429.

108. L. M. Romsnova, "Solution of the Radiative -Transfer Equation for the Case of a Highly
Nonspherical Scattering Index, I1,” Opt. Spek., Vol. 13, 1852(b), p. 818,

109, L. M. Romanova, "Radiation Field ir Plane Layers of & Turbid Medium with Highly
Anisotropic Scattering,” Opt. Spek., Vol. 14, 1063, p. 2632,

110. M. C. Wang and E. Guth, Phys. Rev., Vol. 84, 1951, p. 1092,
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ﬂ(%#’¢)=0) u>0

f‘(qo Ky ¢) = "Lsa(q, Ky ¢)’ u<o

(124)

The radiance f.(q, i, ¢) can then be expanded In a series of Legendre polynomials and pre-
sumabiy it will require fewer terms since most of the anisotropy is accounted for by the

L Ba(q, i, ¢) term. Irvine (1968) has made comparisons between Romanova's method and the
doubling method and found excellent agreement over a wide range of angles and optical thick-
nesses. No estimate is given for the amount of compﬁter time but it is considerably reduced

over the other more conventional techniques.

3.4.4 THE TURNER METHOD

The development of larze-scale computer processing of multispectral remote sensing
data has led to the requirement that atmospheric corrections be made on a point-by-point
basis. Thus, it is necessary to know radiances énd other radiometric quantities at many
points throughout a scene. What Is needed then; is an atmospheric radiative-transfer model
which is fast, accurate, and adaptable to a range of environmental conditions. Turner [111,
112, 113, 114] has developed a modified two-stream iterative model especially designed for
hazy atmospheres.

The one dimensional radiative-transfer cquation to be solved is

dL wa (271 ‘ Eylak,
Hag® L{q, i, ¢) - rey o j.lp(m é, 1, ¢')L(q, u', ¢')di'd¢’ - —TP(M. 9, '_"'0’ ¢o)

(125)

where the scattering phase function is approximated as
plu, ¢, 1, ¢') = 4und(n' - &' - ¢) + 4n(1 - )6’ + u)o(¢' -7 - ¢) (126)

where 7) represents the fraction of the radiation scattered into a forwzrd hemisphere, l.e.,

111. R. E. Turner, Remote Sepsing in Hazy Atmospheres, Procsedings of ACSM/ASP,
Meeting in Washington, D. C., March 1972,

112. R. E. Turner, "Aimospheric Eifects In Remote Sensing," Remote Sensing of Earth Re-
sources, Vol. il, F. Shahrokhi (ed.), University of Temessee, 1873,

113. R. E. Turner, "Contaminated Atmospherea and Remote Sensing,” Remote Sensing of
Earta Regources, Vol. I, F. Bhahrokhi (ed.), University of Tennesace, 1874,

114. R. E. Turner, Radiative Transfer on Real Atmospheres, Report No. 190100-24-T,
Environmental Research Institute of Michigan, Ann Arbor, July 1874.
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1 ‘211 1
n= ;;jo Iop(ﬁ)didx (127)

1
- %j'o p(£)dt (128)

For Rayleigh scattering 1 = 0.5 whereas for aerosol scattering in the visible region n ~ 0.95.
Using Eq. (126) in Eq. (125) and a similar assumption regavding the radiation field, lL.e.,

L(q, i, ¢) = ;%{E;(q)o(u = ug)o(¢ - 7 - ¢0) + E'(@)0( + 1g)o(e - ¢)] (129)

where E;(q) and E'(q) are irradiances in the upward and cowaward directions respectively, \,
we ge* two complex linear differential equations for E;(q) and E'(q): ‘

dEL(Q) l - wo" . wo(l - ") \
a0 = ™ E+(Q) - TE_(Q) - wo(l - U)ES(Q) (130)

dE’(qQ) 1-wgn , wol - n) , :
SR (q) - ——%-—E*(q) - wynE (q) (131) ]

The l/u.o dependence is included to normalize the diffuse irradiarce field. The primed quan-
tities indicate that we are calculating the {leld for a surface albedo of zero. 'The solution to
these equations and similar ones for an isotropic radiation reflected from a Lambertian sur-
face are too complicated to be presented here but their functional form is given by

E*(q) = “oEofJuv k, Waor Kgo P Qs qo) (132)
E_(Q) = uaEof (0, k, wy, 1y, £, 0, qp) (133)
~ -2y
E_(Q) = “OEO f_('l, k, wo) “oi P q, Qo) +e (134)
where E+(q), E _(g), and ﬁ_(q) are the upward diffuse, downwara diffuse, and total downward \\

irradiances respectively, and

k = YT =0T ¥ 5y = Tmgl/y (135)

‘A computer program was written which allows one to calculate these irradiance components
as a function of wavelength, eolar zenith angle, single-scattering albedo, surface alhedo,
altitcde, visual range, and optical depth. Figure 9 illustrates the diffuse downward component
for the Turner method where n = 0.5 and 90 = 09, thus simulating a Rayleigh atinosphere.
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- Our Calculation
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FIGURE 9. NORMALIZED DOWNWARD DIFFUSE IRRADIANCE VS OPTICAL
THICKNESS FOR VARIOUS (;SURFACE REFLECTANCES. p = surface reflect-
ance; solar zenith angle = 0°; no absorption; Rayleigh atmosphere.
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Kahle [115] carried out a similar calculation using the results of Chandrasekhar's exact cal-
culation for a Rayleigh atmosphere. Using the scattering functions calculated by Sekera and
Kahle [116] we have also calculated the exact resulte and compared them with the approxi-
mate calculations as are illustrated in Figure 9. The agreement is good considering the ap-
proximations that are used. It should be noted, however, th.1t a homogereous atmosphere is
assumed and polarization is not included in the present development. For the usuai optical
thicknesses for Earth's atmosphere ard reasonable reflectances the agreement is quite good.
A similar comparison, shown in Figure 10 was carried out for the diffuse radiation emitted
by the atmosphere. One advantage of the approxin.ate model, as with some other models as
well, is that the irradiances can be determined at any interior point of the medium. Thus, it
is possibie to see how the radiation field changes as one goes from the bottom to the top of

the atmosphere [117].

Using a relation similar to Eq. (129) and the irradiances as determined above one can

then find the spectral radiances. These are given formally as

:§ = Ls(nr k, wor ﬂor i, o, 5; qQ, qO) (136)
Lp = Lp(m k, wg, uoe 4 6, 9, 4, ) (137)
LT = LT(U' k, wo) uov u, & p, 5: q, qO) (138)

where l..s is the spectral sky radiance at any point in the medium (i.e., the radiance for an ob-
server looking into the upper hemisphere) and Lp is the path radiance (.e., the radiance for
an observer looking into the lower hemisphere at a target with zero reflectaace). L’l‘ is the
total spectral radiance for a downward looking observer. It should be noted that LT is not
only a function of the background albedo p but also of the target reflectance p. In general then,

_LT - 10.- + Lp (139)
where LGrepresents the radiance at the surface and 7 is the transmittance from the surface
to the ovserver.

The computational accuracy of tnis model was tested by comparing it with exact results.
Figure 11 fllustrates the comparison between the Turrner method calculations ard those of

115, A. B. Kahle, "Global Radiation Emerging from a Rayleigh-Scattering Atmospuere of
Large Optical Thicknegs,"” Asirophys. J., Vol. 151, February 1268,

1.8. Z.8ckera and A. B. Kahle, Scatteving Functions of Rayle!lzh Atmerrheres of Arbitrary
Thirkness, R-4520PR, The RAND Corporation, 8anta Mordca, Talii., 1965,

117. W. A. Malila, R. B. Crane, A. Omarzu and L E. Turner, Studies of Spectral Discrimina-
tion, Report No. 31650-22-T, Willow Fun Laboratorics of the In:titute of Sclieace and
Technology, Univergity of Michigan, Ann Arbor, 1971,
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FIGURE 10. PLANETARY ALBEDO VS8 OPTICAL THICKNESS FOR VARIOUS
SURFACE REFLECTANCES. Solar zenith angle = 0%; no absorption; scan
angle = 09; Rayleigh atmosphere.
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FIGURE 11. NORMALIZED PATH RADIANCE AT THE TOP OF THE

ATMOSPHERE VS OPTICAL 1HICKNESS FOR SEVERAL SURFACE

REFLECTANCES. p = surface reflectance; solar zenith angie = 0°;
no absorption; Rayleigh atmosphere.
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Coulson et al. (1960). E, is the extra-terrestrial irraaiance due to the sun. Figure 12 de-
picts the path radiance as a function of 9 for those gun angles. For certain angles and for
large optical thicknesses there is some discrepancy between the exact and approximate cal-
culations. In figure 13, we see the variation of sky radiance with solar zenith angle for two
different optical thicknesses. Both the magnitudes and the angular variations agree well ex-
cept for the case of large sclar angles (>75°) and larger optical thicknessen. As a {inal illus-
tration of the accuracy of the approximate mod :1 we present the total spectral radiance as a
function of nadir angle in Figure 14, Otter results have been reported in the literature {118].

The method is quite adaptable to a wide range of geometrical problems. For example, the
influence of background albedo or target radiance vs multiple scattering is being explored
(Turner, 1974) and various other multidimensional models are under investigation. Finally,
we present in Figure 15 a diagram which illustrates the basic radiatior~trarsfer multiple
scattering model as developed at ERIM.

118. W. A. Malila, R. B. Crane and R. E. Turner, Information Extraction Techniques for
Multispectral Scanner Data, Report No. 31650-74-T, Willow Run Laboratories of the
Institute of Sclence and Technology, University of Michigan, Ann Arbor, 1972,
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FIGURE 12. NORMALIZED PATH RADIANCE AT THE TOP OF THE

ATMOSPHERE VS OPTICAL THICKNESS FOR VARIOUS SOLAR ZENITH

ANGLES. Surface reflectance = 0.0; no absorption; scan angle = 0°;
Rayleigh atmosphere.
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INPUT

Solar Zenith Angle (Time, Date)
Zenith View Argle

Nadir View Angle

Relative Azimuthal Angle
Target Reflectance

Background Reflectance

Target Radius

Date

- Wavelength
Base Atmospheric Temperature
Base Atmospheric Pressure . .
Visual Range (Optical Thickness)
Aerosol Refractive Index
Aerosol Size Distribution
Sensor Altitude

e ]

Air Refractive Index
Single-Scattering Albedo
Single-Scattering Phase Function
Optical Depth

OouTPUT

Irradiance

Sky Radiance

Transmitiance

Surface Radiance

Beam Radiance

Singly-Scattered Solar Radiance
Doubly-Scattered Solar Radiance
Singly-Scattered Surfice Radiance
Path Radiance (Multiple Scattering)

Total (Beam pius Path) Radiance

(Multiple Scattering)

FIGURE 15. TURNER RADIATIVE TRANSFER MODEL
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4
THEORY OF ATMOSPHERIC ABSORPTION

4.1 INTRODUCTION

In this chapter we continue to maintain the separabiliiy of the scattering and molecular
absorbing parts of the radiative transfer equation. In this way we can discuss the process of
absorption as if no radiation were scattered from the beam, so that only molecular absorption
occurs, This is analogous to the manner in which we ignored molecular absorption in the dis-
cussion of scattering. Thus, the report can be separated into two essentially independent parts,
one devoted to scattering and one to molecular absorption, the latter being discussed in this
section,

4.2 RADIATIVE TRANSFER EQUATION FOR MOLECULAR ABSORPTION

It is seen from the general discussion of the radiative transfer equation that Eq. (21) in
Section 2.3 simplifies to a non-scattering representation of the transfer of radiation by the elim-
ination of the middle term by setting wy = 0. This will be true if the scattering coefficient k;()«. s)
= 0, leaving k'(x, <, = k;(.\, s). Thus, Eq. (21) for the spectral radiance at s becomes (the direc-
tion of 8’ is from s to R):

R
LA(A, 8) = LA('\' R) exp - f k, (A, 8')p(s")ds’ ofL;IA, T(s’))
-3 -3

exp - || k, (8, 5")p(s ") ds "k (A, 8°Inls')ds’ (140)

} u'—-—\m

where ka = k;/p is the mass absorption coefficient. To show explicitly the dependence of the
spectral absorptance, A(A), on the mass of the substance through which the radiation travels
and not merely the distance, the mass absorption coefficient is used, and the optical path or

optical depth is given by:

alr) = f k(r, 8)p(s)ds (141)

where p(s) is the path-dependent mass density of the absorber in grams per cn13, when 8 is
the distance in ¢cm. The units for k are, therefore, (g-m-cm'z)'l. Equation {140) is thus

written:
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LA(A, s) = L(A, R)1(x, R) +TL;[)\, T(s") ]p(s;)k()\, s')x
s

s‘
exp - Ip(s")k(x, s")ds"‘lds' ‘ (142)
5 J

It should be noted, however, that since the spectral transmittance, 1, is:

s'
*) =1- A(d) = exp -Ip(s")k()\, 8'')ds''} in general (see Section 1) (143) o
8 : /
N
the expression p(s'}k(:, s') exp - jp(S")k(A, s'')ds""lin Eq. 1421s nothing more thandr/ds', so that
s

Eq. (242) can be written very simply

R
L,(,8) =L,, (x, A7(x, R) j+ IL;[A, T(s')]d—’%;.i'lds- (144) \‘ )
s -~

where. if 7(A, s') is the transmittance between the point of cbservation (s), and some point (s')
in the path, d7(s') is defined as 7(}, 8' +ds') - 7(A, 8'). See Figure 16, The lerm LA(A, R) is
the spectral radiance of a source at the point R, which is transmitted through the atmosphere
between s and R, the transmittance being given by (A, R). L;[A, T(s')] is the (Planckian)
source fuaction for a radiator at temperature, T(s'), defined at some point, s',

Thus, the calculation of the radiance at some point, s, caused by emission from a source o
at somepoint, R,and the emission of the atmosphere between s and R (which is assumed to limit .
the path) amounts simplyto calculating the transn.ittance between s and every point inthe path out
to R. Since the expressions in Eq. (144) cannot usually be obtained in closed form, the calcula-
tions are generally performed numerically, by subdividing the atmosphere into increments
wichin which the atmosoheric parameters are considered to be constant. These increments are
formed by the shells which are demonstrated in Section 7.4. As explained in a report by
Hamilton, et al. (1973), the contributions forming the shells which compose the boundaries of
the layers containing the absorbing substance are summed up as follows:
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e

s s8' &' +ds' R
———
r(s')
J
7(s' +ds")

FIGURE 16. TRANSMITTANCE PATF
CONFIGURATION

87

e

.o




N At 3ot | as

9?1
E 118
ERhu
PFORMERLY WILLOW RUN LABORATORIES. THE UNIVERSITY OF MICHNIGAN

L, =€ AIL*T) 7,007 () + € ML} (T )7, 0) + Z‘_“’L;mi)[qm = W7 )]

n
1) ) LTI - 7y /0] (145)
i=j+

The details of this equation are explained in Section 7.4.

4.3 DESCRIPTION OF THE ABSCRPTION COEFFICIENT
The factors of importance to this discussion are the terms 7(A) and the parameters which

define them. As noted above in Eq. (143):

) = 1= AQ) = exp - [k(r, %) plx)dx

Since the factor k(A, x) is a strongly varying function of wavelength (or frequency,v)? it is
extremely important that its effect on atmospheric transmittance be examined in detail. It
can be derived simply out of consideration of the effect only of the abscrptive effect of the
atmosphere on radiation traversing it. The change in the amount of radiation traversing an
elemental distance, dx, containing p(x)dx grams of absorbers per cm2 is proportional to the
number of absorbers and to the number of photons, representable by LA. With all appropriate
constants implicit in it, the proportionality factor, a function of the frequency and of a parti-
cular place in the atmosphere, is designated as k(v, x), so that ‘

dL v("’ x) = -k(v, x) Ly(v, x)p(=)dx
which very simply solves, for a path from 0 to X, a8:

X

0
Lu("’ 0) = Lv("' xo) exp —f k(v, x)p(x)dx
0

glving, as above:
_ x
v, xy) = exp |- J‘.o k{v, x)p(x)dx (146)
0
The expression 7(v, xo) is the monochromatic atmospheric transmittance for the conditions

given; i.e., the value at one and only one Irequency, v.

*The reader should expect to encounter, during the course of this report, frequent changes
in the description of the spectral character of parameter between the use of A, the wavelength,
usually in micrometers, um; and v, the frequency ususlly in reciprocal centimeters, em™!,

It is to be noted in these cases that A = 1/p ¥ 109,
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There is usually little interest in the monochromatic transmittance, particularly for com-
parison between calculated and measured results, which are oblained by instruments whese
spectral resolution is sufficiently poor to integrate over some reasonable width of the spec-

trum. The greater interest, thus, is in the average* transmittance over the spectral interval
Av given by:

X
;AU(U’ xo) ="A1;, exp ‘Jok(l’, X)p (x)dx“ v (147)

|
A 0 =

One might consider this as the average transmittance over a spectral interval Av centered at
v, or the effective transmittance over a variable slit function whose effective width is that of a
rectangle with the same area as that under the spectral slit function.

The greatest part of the problem of solving ':Au is to find, if possible, an analytical solu~
tion for the integration over v, which involves a knowledge of the actual character of k(v)
(dropping the path dependence for convenience). Using the results of classical kinetic theory,
the nature of k(v) is shown, according to Lorentz, to be:

Q
g “""‘LL“'E (148)

-2.-1

where S is the line strength in units (gm-l-cm) {since k = (gm-cm “) 7)

aLls the Lorentz line half_—;vidth in cm-l (see Figure 17)

Yo is the frequency, in cm °, at the center of the line
When the line representing a transition has this shape it is said to be collision, or pressure,
broadened as a result of impacts of the molecule with neighboring molecules. Thus, the line

half-width depends upon pressure and temperature, and is often approximated as follows:
T
] g) _0}n
aL'aLOQ%/(T) (149)

where a0 is the half -width (in cm-l) at standard conditions, PO, TO
P is the pressure of the gas
T is the temperature
n is an empirically determined exponent, with a theoretical value of 1/2

*Actually what is desired is a weighted average to take into effect the (variable) spectral
"'sIit function” of the instrum=2nt which should be corvolved with the monochromatic transmit-
tance. This will be ignored in the discussion.
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FIGURE 17. FEATURES OF A LORENTZ LINE
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The line strength has a temperc.ture dependence which gives it the form:

T,-T
- m I il '
S = SO(TO/T) exp( K TOT ) (150)
where E'' is tne vibration-rotation energy of the initial state giving rise to a particular absorp-
tion line; k is the Boltzmann constant, m is an exponent which depends on the type of absorbing

gas.

The theory of molecular line absorption in the atmosrhere is covered in many texts, of
which the one by Goody (1964) is prubably the most recent, comprehensjve, and available, For
the purpose of compl'eleness, however, the theory will be reviewed briefly here, partially ex-
tracted from the earlier state-of-the-art report by Anding (19(7).

A study by Winters, et al. [119] of an isolated CO2 spectral line showed that the intensity
in the wings of the line decreased more rapidly than predicted by the Lorentz expression, On
the basis of this study, Benedict proposed the following empirical expression for the spectral
line shape of C02:

a
k(u)=§ e ] v - vyl 5d (151a)
v - uo) +ap
g Aa; exp (-alu - u0!b>
x(v) = z 3 le - uol zd (151b)

2
(v-uo) +ay

where d is the average spacing between spectra’ lines

a = 0.0675
b=-0.7
d=25cem™}

The value of A is chosen to make the two forms continuous at v - uol =d=2.5 cm-l.

There is a second cause of line broadening known as the Doppler effect which is reiated
to the relative motions .of the molecules. The pure Doppler broadened line is given by

2
k() = kge™ (152)

118. B. H. Winters, et al., "Line Shane in the Wing Beyond the Band Head of the 4.3 Band
of COy," J. Quant. Spec. Rad. Trans., Vol. 4, 1964, pp. 527-537.
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where
s (M)l/z
0 ap n
W -vy) 1/2

y= (In 2)
“p
and oy the Doppler half-width (in cm-l) at half maximum, Is given by

v 1/2
0 T
) =‘é’(2““2ﬁ)

where M = molecular weight (gm-mole-l), and k is the Boltzmann constant.

For lower altitudes where the atmospheric pressure is nigh, the Lorentz half-width, ar,
is dominant. As the atmospheric pressure decreases, the Lorentz half-width decreases and
the influence of Doppler broadening becomes more marked. For the 15-u COZ band, the Doppler
and Lorentz half-widths are equal at about 10 mb [120] and at lewer pressures the Doppler half-
width is greater. Thus, over a wide range of atmospheric pressures, it is necessary to con-
sider the riixed Doppler-Lorentz (Voigt) line shape to be completely accurate. The absorption
coafficient for the mixed broadening is given by Young [121]:

F 2
kou e-t
k(v) = = |\ 37— dt (153)
u+(y-t)

8

where kO' y are as before and
@
u= 2L (tn2)!/2
D

In the calculation of transmittance using direct integration over the absorption lines
(Section 5) the greatest accuracy can be obtained only by using the Voipt profile to describe
the line shape. A cempremise in simplicity to the exclusive use of the Lorentz profile for all
altitude regimes,as is usually done in calculation by band models (Section 8), results in an
error which is often unacceptable. Calculation using the Voigt profile, however, imposes

120. 8. R. Drayeon, Atmospheric Stant-Path Trangmission in the 154 COg2 Band, Report No.
05863-6-T, University of Michigan, Ann Arbor, 1664,

121, C. Young, "Calculation of the Absorptior ~ efficient for Lines with Combined Doppler-
Lorentz Broadening,"” J. Quant. Spect. R.. .. Trans., Yol. 5, 1965, pp. 549-552.
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hardships in terms of compuler time; and methods have been described in .he literature

(e.g., see Refs. [121}and [122] for easing the complications in computation. Drayson, by pri-
vate communication, has indicated a computer routine explained in a paper to be published soon.
This routine is currently part of his method of performing a direct integration of individual
absorption lines for calculating atmospheric transmittance, and uses what he considers to be
the best of the Young and Armstrong techniques.

Drayson's aim in setting up a special computer routine is to achieve both rapid computa-

tion and an accuracy in transmittance good to approximately one digit in the fourth decimal place.

In order to achieve this trade-off, he set up several regions in the u - y plane to define limiting
values of these variables for which different calculational techniques were used. They were set

up as follows (see Figure 18):
Region 1. y =1.0,u 25.0 - 0.8y

Dawson's functioa,F(x) = e."z]et2 dt is first evaluated:
0
(a) O0su=<2 Series expansion [123 ]
(b) 2 <u <45 Chebyshev expansion [124]
(c) 45=u Asymptotic expansion [123°

followed by Taylor series expansion [125].

Region II. y > 1.0 and u < 1.85 (3.6-u)
Continued fraction |126].

Region ITI, All{u, y)not {nI and II
(a) y 211.0 - 0.6875u 2-point Gauss-Hermite quadrature
(b) y < 11.0-0.6875u 4-point Gauss-Hermite quadrature

122. B. H. Armstrong, "Spectrum Line Profiles: The Voigt Function,” J. Quant. Spect. Rad.
Trans., Vol. 7, 1967, pp. 61-88.

123. A. Erdelyl, et al., Higher Transcendental Functiors, Vol. 2, Mc/;raw-Hill, N, Y., 1953,
p. 147.

124. D. Hummer, Maths. Comput., Vol. 18, 1964, p. 317.

125. V. Feddeyeva and N. Tarentev, Tables of the Probability Integral for Complex Argu-
ment, Pergamon Press, N. Y., 1£61.

126. B. Fried and S. Conte, The Plasma Dispersion Function, Acadeinic Press, N. Y.,
19¢1. -
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0 2.0 4.5 5.0

FIGURE 18. COMPUTATIONAL REGIONS USED FOR THE VOIGT PROFILE
(by Drayson) '
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4.4 DETERMINATION OF TRANSMITTANCE OR ABSORPTANCE

Four different forms for k(v) have been stated, each fo:r'n accurately representing the shage
of a spectral line if the appropriate conditions are salisfied. Therefore, to completelv specify
the absorption from Eq. (147), itis necessary to substitute the apprciriate form of k(v).

Let us assume that *he spectral interval over which Iq. (147) is defined contains many

spectral lines. Then we have

- N, %
Ay, =1-75,= |<1-exp Z‘ | kIptdxf b av ~(159)
v .i-1 0
Equation (154) is the general equation for specifying the absorption of a given species over an

atmospheric slant path, with the range of pressures encompassed by the path defining the spe-
cific form for the absorption coefficient k{v).

To better understand the parameters that must be specified before Eq. (154) can be eval-
uated, let us assume that the slant path ic such that the Lorentz line shape is valid. Then Equa-

tion (154) becomes

1 N X S;'vip(x)

AAp = 1-exp]|- 7 I——-—- VIR ax | ¢ dv (155)

Ly '
Av * i=1 0 i

The summation is over the total number of lines in the spectral interval and Sn is the strength

of the n-tk line, a, is the half-width of the n-th line, and Vo is the center frequency of the n-th
‘ n

line,

We shall see in Section 5 that Eq. (155) can be solved by a method known as the line-by-
line, o1 direct integration method, used by a number of investigators. There are reasons,
however, why this method is cften shunned, the largest teing the cost of performing a calcula-
tion of this sort. The loyrical step in lieu of this is vo resort to calculation by the use of band

modefs.

The problem oif determining slant-path transmission spectra is then to evaluate Eq. (155)
for each frequency within the spectral interval of interest. To perform this evaluation, the

following four parameters must be specified:

(1) The shape of each spectral line
(2) The location of each spectral line
(3) The strength and half-width of cach line and their variations with temperature and
pressure
(4) The density of the absorber at each point in the path.
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4.5 DETERMINATION OF LINE PARAMETERS

4.5.1 TECIHNIQUES OF BEENEDICT AND COLLABORATORS

The determination of line parameters is inseparably dependent on accurate, highlv-
resolved Iaboratory spectral data from the molecules of atmospheric constituerts, and on
practicable theories predicting the physical characteristics of inolecules. As already indicated,
there are a number of things which have to be known about an absorbing molecule before cal-
culations can be made, among which are the strengths of the individual lines and knowledge of

the shapes of the lines, as well as precise determinations of the spectral pdsition of the centers .

of the lines. Presumably. all of these factors could be obtained exclusiveiy from z well-
designed experiment measuring the spectral absorptance of a collection of the molecules as a
gas. In practice, however, certain physical limitations arise to thwart attempts to do s0, and
one must resort, in absorptance calculations, to the results of theoretical determinations of
line parameters, using the best of both techniques in a complementary fashion to derive those

values which can most realistically reproduce more general experimental results,

In outlining technioues for getting line parameters from 1aboratery experimental data, we
have chosen to emphasize the method delineated by Benedict, et al. [127, 128] because the reade
in later checking details, will find their treatment to be probably more complete than that «
other authors. But it should be understood that the approaches of other investigators, which
do not differ greatly from those of Benedict, et al., or from each other, are equally valid.
Actually, the refinements reported in later papers are required reading for the person whose
interest goes beyond the rudiments. In fact, since the treatment here is more-or-less super-
ficial, the reader will want to consult the original papers, and perhaps delve into other texts as
well. To cite only a few, there are the texts of Penner {129 and Goody (1964), as well és the
paper of Korb, Hunit and Plyler {130}, and the report by Burch and Gryvnak [131]. Goody treats

—

V. S. Benedict, R. Herman, S, Moore and S, Silverman, “The Strengths, Widths and
Shapes of Infrared Lines, 1. General Considerations, Canadian J. of Physics, Vol. 34,
1956(a), pp. 830-849.

W. S. Benedict, R. Herman, S. Moore and 8, Silverman, "The Strengths, Widths and
Shapes of Infrared Lines, II. The HC1 Fundamental,” Canadian J. of Physics, Vol, 34,

1936(b), pp. 850-875.

S. Penner, Quantitative Molecular §pectroscopy ard Gas Emissivities, Addison-Wesley,
Reading, Mass., 1959.

C. L. Korb, R. Hurt and E. Plyler, "Measurement of Line Strengths at Low Pressures:
Application to the 2-0 Band of CO," J. Chem. Phys., Vol. 48, No. 8, May 1968,

p. 1452,

D. E. Burch and D. A. Gryvnak, Strengths, Widths and Shapes of the Lines of the 3y CO
Band, Report No, U-38%2, Philco-Ford Corporation, 1867,

127.

128.

129.

130.

131,
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Doppler broadening of the Lorentz profile. Korb, Hunt and Plyler give base and wing correc- !
tions. Burch and Gryvnak and other authors have investigated the corrections descrioed by

Benedict, et al, to ti.e Lorentz line in the far wings. |

Usually the investigator responsible for calculating iine parameters ejther gathers his
own laboratory rerults, or works in collaboration with the experimentalist. He can then assure
himself of the accuracy of the laboratory results, or accept full resporsibiiity for the erroncous !
results to follow. This means that gas-handling techniques must be impeccable, because min-
ute quantities of foreign gases can at times introduce serious errors. In addition, the best tech-
niques must be applied to measuring the phy~ical properties of the gas samples, concentrations,
pressures, temperatures, etc.: as well as to measuring the sometimes minute siznals at the i
output of the spectrometer, With the precisely known wavelengths of certain standard emitters
and absorbers, there is hardly any difficulty in establishing a standard from which all line !

1

centers can be read, once the position of the line center on the output chart is precisely located.

If one can measure the equivalent width (see Section 4.3) of a spectra’ line at different op-
tical depths, he often has the essential experimental information needed for determining iine ;
parameters. In the infrared region, however, even those spectrometers with the highest prac-

ticably achievable resolution have spectral slit widths which are noticably larger than the half-

width of a spectral line, thcugh in the better cases they are on the order of the half-width.
One cannot expect, therefore, to reproduce the exact spectral shape of the line, but only an
approximation to it, resorting to calculation for yielding the true shape. However, Penner
(1969) and others (e.g., Benedict, et al., 1956b) have shown that the equivalent width of a spec-
tral line is independent of the sl.t function of the spectrometer, aithough the distortion of the

line by the slitcan be considerable as demonstrated in Figures 19, 20, and 21. In each of these
figures, one sees the exact shape of a pressure-broadened line with a given shape factor, along
with the distortions caused by a triangular slit function and by a rectangular slit function.

Table 5 {reproduced from Benedict, et al., 1956b) shows that the equivalent width is unaffected

on the basis of experimental evidence, even when the slit function changes in width by nearly
1

an order of magnitude from 0.24 em™ to 1.78 cm”
of HCI.

in the measurement of the spectrum, say,

Although it is not always recomimended in actual practice, in most calculations the Lorentz
line shape is assumed as an approximation to the true shape, with corrections teing made to
account for discrepancies caused by deviations from the Lorentz shape. An expression is
given in Section 4.3 for the Lorentz line shape as well as for the Doppler line shape, which
becomes effective at low pressures. Even in those cases where the influence of pressure on

et Vs o e i e et e £ e e e i

the broadening overcomes the Doppler effect, the Lorentz shape, while quite accurate near the
line center, is sometimes only a rough approximation in the wings. Because of the exccedingly
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0.50
u=0
0.40 {— -1 r~A(v)
0.30 — . .
0.20 - =~ |~ A, ) for Triangular .
/\< Slit with Ap* =1 cem”
Ap (v) for Rectangular
Slit with Ap* =1 cm-1
0.10 p— o .
0 1 | i | | |

-0.8 -06 -04 -0.2 0 0.2 0.4 0.6 0.8

-1
v uoln cm

FIGURE 19. SPECTRAL 233SORPTANCE, A(v), AND SMOOTHED
ABSORPTANCES AS FUNCTIONS OF (v - uo), THE DISTANCE

FROM LINE CENTER. u = o, /a (fn 212, 4 - Lorentz half-width;

L
= Doppler half-width = 0.10 cm™1; Ay* = Slit function Mmiting

a
D width. (Adopted from Penner, 1259 [129].)

88

et LA e % A A Yo e - e e Nt s o it el




Pl

FORAEALY WILLOW RUN | ABORATORIES. THE UNIVERSITY OF MICHIGAN

0.50

0.40

0.30

0.20
AA(v) for Triangular
Siit with Av® = 1cm” ]

0.10 Slit with Av* = 1 ¢m”

u-voincm

FIGURE 20. SPECTRAL ABSORPTANCE, A(v), AND SMOOTHED
ABSURPTANCES AS FUNCTIONS OF (v - VO), THE DISTANCE

FROM LINE CENTER. u = aL/aD(ln 2)1/2; oy = Lorentz half-width;

ay, = Doppler half-width = 0.10 cm™; Av* = Slit function limiting
width. (Adopted from Penner, 1959 [129].)
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0.30

0.20—

0.10—

Alv)

A, W) for Triangular Slit with A% = 1 cm !

Ag(v) for Rectangular Slit with av* =1 em™!

1 i 1 ! | i T 1 )

08 06 04 0.2 0 02 04 06 08 10 12 14 1.6

: -1
V- vgincm

FIGURE 21. SPECTRAL ABSORPTANCE, A(v), AND SMOOTHED
ABSORPTANCES AS FUNCTIONS OF (v - uo), THE DISTANCE
FROM LINE CENTER. u = aL/aD(!n 2)1/2; a, = Lorentz half-width;

ap, = Doppler half-width = 0.10 cm-l; Av* = Slit function limiting
width. (Adopted from Penner, 1959 [129].)
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TABLE 5. EXAMPLES TO INDICATE THE INDEPENDENCE OF EQUIVALENT

WIDTH UPON SPECTRAL SLIT WIDTH (From. Benedict, et al.,
1956a [ 128] .)

R(5)— HC1>® R(5)— K>
stit (em ™) w (cm'l) w (cm°l)
0.24 0.525 0.322
0.29 0.546 0.306
0.34 0.564 0.321
0.41 0.560 0.319
0.47 0.566 0.322
0.71 0.538 0.314
1.02 0.536 0.308
1.78 0.522+ 0.297+

* These values wer= obtained by measuring the sum of the HCi3% and HCI®
lines and decomgosing this area ig /he theoretically expected ra'io for
these lines, HC193/HC137 = (3.07)1/2,
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small absorption inthe wings, however, it is usually impossible to observe an effectgreaterthan
the noise of the measurement system. It becomes necessaryto make a correction, therefore,to
the equivalent width of the spectral line as obt~"ned by integration. Corrections for the wings
of a rotational line in the HCl1 spectrum (Beneaict, et al., 1956b) are shown in Table 6.

To the extent that a spectr2l line ran he isolated in an absorption experiment, the area
under the line is exactly represented (pruvided a Lerentz shape can be assumed) by the
Ladenburg-Reiche equation [132] (1 2fer to Section 5.2.2):

W = 27a; L(¥)
where
L) = ve ¥ [1,0) + L))

and*
V= S\v/(ZmL)

I the experiment is run at different pressures and path lengths a typical pair of spectra as
shown in Figure 22 (taken from Benedict, et al., 1956b, may be obtained. This particular ex-
ample shows tracings of part of the R-branch of HC1 with the two isotopes HC135 and HCI37
being demonstrated for two different pressures in the absorption cell, and two different path
lengths. Taking the area under each line, say at R(2), ore obtains the equivalent width, W,
which, when divided by the pressure {(obtaining WC) and plotted against pressure, yields a curve
such as that shown in Figure 23 (taken from Benedict, et al., 1956b). One notes that for a large
portion of the curve the value W° is independent of pressure, as indeed it should be for a
Lorentz shape. In order to reproduce the experimental points theoretically, Senedict, et al.
had to include Doppler broadening in their calculations for low pressures and overlapping of the
isotopic lines for high pressures. By making the cppropriate adjustments for these deviaijons
one can obtain a series of values, W°, for a lasge range of path lengths. According to Section 5,

wo s proportional to ihe value of ¥ for small quantities of the absorber, and proportional ¢ #-1'/2

for large quantities. Benedict, et al., evaluate Ww° of HCI for a number of cell path lengths (note
that ¥ = 1) varying from 0.028 to 140 cm.

Having so cbtained the values of w° 20d w (the absorber amo-'n:) for any given experiment,
one can plot log w° versus log w, superimpose this on a plot of the Ladenburg-Reiche curve as

*Note that we have uscd w for the absorber amount instead of £ as used by Benedict, et al.
in orderto retain ccasistency withits common use in the report. Thus, w here correspords to
the path lengin.

182, R. Ladenburg and F. Relche, "Ubs.r Selektive Abgorption,” Ann. Phys., Vol. 42, 1813,
p. 181,
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TABLE 6. EXAMPLES OF TYPICAL WING CORRECTICNS IN EQUIVALENT
WIDTH MEASUREMENTS. Lines R(0) of HCI, path length 0.109 c¢m; WO values
are in em~1 atm-1. (From Benedict, et al., 1956a [123].)

w® na1®® w® Her?
Run Uncorrected Corrected Uncorrected Corrected

1 0.3922 n.4205 0.1401 0.1574

2 0.4258 0.4473 0.1528 0.1694

3 0.3714 0.4056 0.1309 0.1502

4 0.4117 0.4415 0.1530 0.1676

5 0.4291 0.4536 0.1425 0.1670
average 0.4060 0.4337 cm ™! 0.1438 0.1623 cm™!
Std. dev. 0.0217 0.0180 0.0082 9.0072
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FIGURE 22. EXAMPLES OF THE TYPE OF ABSOURPTION SPECTRA OF HC! FROM WHICH

EQUIVALENT WIDTH MEASUREMENTS WERE MADE ILLUSTRATING TYPICAL SIiGNAL-

TO-NOISE RATIOS AND RESOLUTION EMPLOYED. The lowcr tracing taken at w = 0.028 cm

and P = 1 atm shows R-branch lines in the linear region of the curve of growth. The upper

tracing taken at w= 20 cm and P = ~0.01 atm shows the same lines in the square-root
region. (Redrawn from Benedict, et al., 1956b [ 128].)
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shown in Figure 24, and fit the experimental points to the theoretical curve. The intersection
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of the asymptote for the "linear' portion of the curve with the vertical line corresponding to
log W = 0, yields the vzlue log S° (S° = S/P). In addition, since the asymptote for the linear

and square root portions of the curve must have slopes of 1 and 1/2, respectively, the intersection

of these two straight lines defines the value wO = 40:;1 (a:‘ = aL/P , since:

L) =¢v(1-v/2+..)
with

W0 = W/p = s°w[l - WV(‘*WE) +.. ].

and for ¥ large

L@) = @u/mY1- 160+ )
with

Wozz(soagw)l/z[l - 11((:;)J/W")2 LI ]

In the paper (Benedict, et z1., 1956h) which accompanied the tutorial paper (Benedict, et al.,
1956a) being discussed in this 32ction, the sasue investigators applied, in addition to purely
analytical techniques, the graphical method outlined atove to the HC135 and HC!37 molecules
and the curve of growth reproduced in Figure 25 for a few of the lines. Using line strengths
calculated on another bnsgis they plotted the abscissa as s%w insteau of just w so that the curves
of growth of ail lines would coincide in the linear region. In this way, they intended to investi-~
gate what differences existed in line widths in the square root region. The intersection of the
asymptotes for lines with small J's ylelds a value a; =0.218cm™ atm™, Note, however,
that for the example showi for higher J values the asymptote drops below that for low J values,
On an experimental basis, therefore, this means that the half-widths are narrower for lines
with higher rotational quantum numbers. Infact, as Figure 26 shows, there is a considerable

variation in @y with the value of the rotational quantum number.

Another method described in the tutorial paper is thut of determining the strength-width
products and shapes from measurcments of the breadtls of strong lines. The breadth, b, is
the actual width of the absorption measured at a given optical depth, qy where

0 o o\2 2
§'a, wP zw(a L)zP

q,= =
v 1[(v - u0)2 + (agp)z] (v - vo)z + (a;;)i

and

b=2v -~ vo)

105

e s A 3
e Al e A S s b Lo ¥ st hen s e e s

b T ekt < A 4 o ) e i



1

g =

~*

m!
AT

E

B

17.0

FORMERLY WILLOW RUN LABORATORIES, THE UNIVERSITY OF MICKIGAK
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FIGURE 23. PLOT OF W0 VERSUS PRESSURE FOR LINES R(2) OF HC13 AND HOLYY,

Showing experimental points and theoretical curves calculated for Lorentz collision

broadening and including the effects of both Doppler broadening and overlapping of
isotropic lines, (Redrawn from Benedict, et al., 1956b [ 128].)

5.0
|
1.0~
s E
- —
051
L) = ve ¥ [1,0) - 1,)]
0.1 L1l | 4o hntil
0.1 1.¢ 10
v

FIGURE 24. PLOT OF THE LADENBURG-REICH FUNCTION. Showing also the
limiting small ¢ (“linear") and large Y {“square-root”) asymptotes. (Redrawn
from Benedict, et al., 1956b [128] .)
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FIGURE 25. EXAMPLESOF CURVES OF GROWTH FOR THE LINE3

Im| =1 AND 7. The solid curve and asymyptsten for the case Imf =1

are calculated from the Laderburg-Relche ejuxtion. (Redrawn from
Benedict, et al., 1833b [125])
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FIGURE 26. EXPERIMENTAL VALUES OF LINE WIDTHS PER

ATM (ay,q) VERSUS|m|FOR THE HC1 1-C BAND. The theoreti-

cal curve 15 that calculated for the resonant-dipole-billiard ball

(RDBB) approximation. The corresponding collision diameters

b are given. Line wiaths measured by Lindholm in th2 4-0 band

are shown for comparison. (Redrawn from Benedict, et al.,
1856b [128].)
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is related to the strarngth-width product by:

2 20° P\
6000 o 1 |, (20LT
L~ 4bw b

The value o a?‘ in the correction term is an estimate, Since the breadth cannot be measured
directly from experimental data, two corrections must be made, the first for the spectrometer
slit function which, for a trianguiar siit of width a, is written:

2
2g-32a"
b & == =

and the second for overlapping lines. Note than the slit width correction is zero for q = 3/2
and small for b lorge. The simplest and perhaps least accurate approach to overlapping cor-
rection is to assume an Elsasser distribution of lines from which the corrected value of the
strength-width product (incorporating also the siit functior » -rection) becomes:

2T 0Py -2 2]
o aqb* 1+4( L ) +4#3L"(%\ -0.822(b\ I
I

§%7% .7 - =
L~ 4Pw b de

where d is the constant spacing of the Elsasses lines. When greater accuracy is required the
Elsasser approximation must be dropped and the contribution of the overlapping lines to the
absorptiuns at the line of interest calculated direcily, if the frequency, streagth and width of
the interforing lines are known. Since the correction for overlap is relatively small, these
values can probably be estimated from other methods of measurement.

A third method of determining line structure is derived by Benedict, et al., but will not be
described here. The reader is referred to the original text of these investigators. As stated
in the tutorial article, if the same a; is obtained from all methods, then the validity of the
Lorentz shap: is demonstrated over the frequency range spanned by the calculations. The
authors consider the equivalent width measurement to be the best method for obtaining the
Lorentz a: siace it favors the regions near the line center which are probably determined by

the impact theory.

4.5.2 LOW-RESOLUTION TECHNIQUES

The methods exemplified by the werk of Benedict and K s co-workers are not the only ones
that can be used to determine line parameters. Aside from techniques used for determining
tand-model parameters, discussed in Section 5.2.8, there are cthers employing low resolution

measurements, i.e., resolutinn not sufficient to resolve individual lines. The simplest (and least

accurate) method is to extrapolate data to zero absorption. Assuming weak-line approximation
valid under these conditions, the slope of the absorption (Sw) {see Section 5) plotted against
109
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tl.e amount of absorber, w, gives the band strength S. A good exaomyple of a molecule for which
 this method has baen applied is that of ozone. Refereaces to this technique are Walshaw [133]
and McCaa and Shaw {134].

More sophisticated techniques may be employed if one has a geod idea of the positions of
the lines in the ahsorption bands. By chocsing different band strenpths and half -widih, one can
perforn. a direct line-by-line calculation (sec Section 5) to obtain the absorption for the same
conditions ured in the experimental measurement of absorption with moderate spectral resolu-
tion. The parameters are adjusted until one obtains satisfactory agreement between the theo-
retical and experimental values of absorption. This method was used by Drayson [135] in the
determiation of transmittance for use in the remote measurement of atmospheric preiiles of

temperature, and water vapor and ozone concentrations.

4.5.3 LASER METHODS

As opposed to the methods in the preceding scction, we are able to obtain much hizher res-
olutions with the use of lasers than with conventional spectroscepic techniques, Lasers with
fixed frequency are useful for gases _foz' which they have been constructed, such as COz. By
changing the mode of the laser, the parameters of many different lines can be measured. By !
varying the pressure of the gas in the absorptien cell, the shape of the line can w}ary from
nearly purely Doppler-broadened to purely Lorentz-broadened. Elyand McCubbin [135], for
example, have determined the temperature dependence of the self-broadened half-width of the

P-20 line in the 001-100 band of CO2 using a CO2 - N2 laser with a cavity 1.3 m lonz.

To get greater versatility, it 1s necessary to use a tunable laser, In the infrared region,
the most useful types presently are diode lasers which can be tuned over 2 span of several
wavenumbers, giving one the opportunity to scan individual lines with virtvally "infinite"

133. C. Walshaw, "Integrated Abgorption by the 9.6 pm Band of Ozone," Quant. J. Roy.
Meteorol. Soc., Vol. 83, 1837 pp. 315-321,

134. D. J. McCaa and J. H. Bhaw, "The Infrared Epectrum of Ozone," J. Kol. Epee., Vol. 23,
pp. 374-307. .

135. B. R. Drayson, "Transmittancea for Use In Bemote Sourdings of the Atmorgphere,”
8pace Research XI, Akademie-Verlag, Berlin, 1971, p. 585.

13¢. R. Ely and T. McCubbin, "Tha Temparature Depondence of the Self -Brondensd Half !
Width of the P~20 Line in the 001-100 2ard of COz," Appl. Opt., Vol 8, No. 6, kay %
1670, p. 120,
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resolution. The reader is referred to Hinkley, Nill and Blum [137] for a further elaboration
of the subject matter. We should expect to se¢ many further developments in this field of en-
deavor with the use of tunable lasers.

4.6 DESCRIPTION OF THE LINE PARAMZTERS OF THE MAJOR ABSORBERS
The task of calculating atmospheric transmittance (or atmospheric radlancq) from the

infinitely resolved line structure of atmospheric molecules is straighdorward, but is also
lengthy, time-consuming, and can be costly. Not so straightforward, however, is the process
of accumulating the enornous quantity of data required to make a line-tw-line calculation. For
each absorbing molecule in the atmosphere, a nuinber of important parameters are needer,
among which is the exact (to within the accuracy required or avoilable) position of each line
in the spectrum which is considered effective in contributing to the absorption of radiation. jn
accumulating line data, a decision to retain or reject a line {s made based on its intensity
relative to some predetermined criterion. The strength of each line is another essential pa-
.rameter in the calculation of atmospheric radiance, along with the line width and the energy of

the lower state in the transitions which produces the line.

These parameters, in addition to the quantity of absorber present, are the least of the
totality needed for making an absorption calculation; and even then, only the standardized con-
ditions for which the parameters were formulated are used. For more generalized calculations,
allowing for changes in atmospheric conditions, other parameters such as temperature, pres-
sure, and specific characteristics of the molecule must be explicitly entered into the calcula-
tion. These parameters are no more than are usually needed for any other calculation, but when
they are coupled with the enormous quality of data involved in a line-by-line calculation of atmo-
spheric absorption, the result is a relatively large expenditure of computer time. Methods for

reducing the time involved in line-by-line calculations will be demonstrated in the ensuing section.

4.6.1 ACCUMULATION OF LINE DATA

A lot of work has been done for a number of years in studying the properties of molecules
in relation to their radiative characteristics. In his bibllographic volume, Laulainen (1972)
cites referencis dating back to 1940, For this rerort, it is sufficient t¢ refer to some of the
significant work started about 10 years ago, and which has continued by various investigators

|
137. E. D, Hirkley, K. Kili and 8. Blum, "Laser Spectroscopy of Atoms and Molacales,"”
Toplics in Appliad Phyeics, Vol. 2, H. Walther (24.), Epringer-Verlug, Berlin, 1874,

imn

SR U O

E N PR W S g




———
Epgna
Fi
gy
FORMERLY WI.LOW RUN LABORATORIES, THE UP ' VERSITY OF MICHIGAN

up to the present time. McClatchey, et al. [i38] cite the work of Gates, et al. [139] as the
initiation of continuing effort aimed at compiling spectroscopic data on the vibration-rotation
structure, first of Hzo vapor in the 2.7 um region, a.d later of CO2 in the 2.05 and 2.7 um
bands {140]; and of H,O vapor in the 1.9 and §.3 pm bands [141].

The only existing complete compilation of line parameters (McClatchey, et al., {138])
appears to trace a lineaye of government-supported work from which it evolved. Much of this
work was originallv (?,«cted less toward completeness than toward specificity. However,
McCiatchey, et al acknowledge the work of earlier investigators as establishing a solid base
of information, in addition to that cited above. Among those cited are the w: -k of Drayson
and You:g [142] for the 15 pm bands of C02: Clough and Kneizys [143] for the 9.6 um bands
of Og; Kunde [144] for the CQ fundamental bands near 5 pm; Kyle [145, 146] for the CH bands
near 3 and 7.5 pym; and the unpublished rotational structure of 320 vapor from Benedict and

Kaplan tabulated in Goocy's (19€4, p. 84) text.

138. R. A. McClatchey, et al., AFCRL Atmospheric Absorption Line Parameters Compliation,
Report No. AFCRL-TR-73-0086, Air Force Systems Command, 1878,

139. D. M. Gatea, R, F. Calfee and D, W. Kansen, et al., Line Parameters and Computed
Spectra for Water Vapor Bards at 2.7v, National Bureau of Standards, Monograph No.
71. 1964,

140. R. F. Calfee and W. 8. Benedict, Carbon Laciride Spectral Line Positions and intensitles
Calculated for the 2.05 and 2.7 Micron Regions, Technical Note 332, National Burrau
of Standards, 1968.

141, W. 8. Benedict and R. F. Calfee, Line Parameters for the 1.9 and 6.3 micron Water
Vapor Bands, ESSA Profecsional Paper 2, (June 1987) U, 8, Government Printing
Office, June 1867,

142, 8. R. Drayson and c. Young, The Frequencles and Intensities of Carbor Dioxide Abzorp-
tion Lines Setween 12 to 18 Microns, iteport Nu, 08183-1-T, University of Michigan,
Ann Arbor, 1867,

143. 8. A. Clough and F. X. Kneizys, Ozone Absorption in the 9.0 Micron Region, Report No.
AFCRL-65-862, Air Force Cambridge Regearch Laboratories, Bedford, Mags., 1863,

144. V. G. Kunde, Tables of Theoretical Line Positions and Intensities for the AV = 1, AV =
2, and AV = 3 Vibration-Rotation Bands of C12018 and C13016, NASA Report No. TMX-
63183, Goddard Space Flight Center, Greenbelt, Md., 1867(a).

145. T. G. Kyle, "Abgorption by Doppler-Lorentz Atmospheric Lines," J. Quant. Spect. Red.
Trans., Vol. 8, 1838(2), pp. 1455-1462.

148. T. G. Kyle, Line Parameters of the Infrared ¥othane Bands, Roport No. AFCRL-68-
0521, Air Force Cambridze Research Laboratorizs, Bedlord, Mass., 1832{b).
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The earlier work of Drayson-and Young (1367) has been revised [147] to produce more
accurate line parameters for CO2 between 12 and 20 pm, derived mainly from the laboratory
measurements of Chaney [148). The revision has resulted in: changes in positions of most of
the lines (but small ones, of less than 0.05 cm'l); changes in strengths; and additional bands. The
absolute strengths of the lines included were restricted to those greater than.1 x 10'6 c:m'1
(atm-cm)”} at 300 K, which corresponds to about 4 X 1026 ¢m™Y/(mot cm'z), the units recom-
mended by McClatchey, et al. (1973). These values are approximately a factor of 2 higher than
the lower limit set in the compilation. Note also that these units differ from the ones presented

earlier in this section. All of them are equally valid and dependent on irdividual nusage.

The interested reader is referred to ti-e bibliography by Laulainen (1972) for an insight
into the huge volume of spectral information available in the literature, some of which pre-
sumably influenced the derivation of the compilation of line parameters. Much of the latest
Drayson [147] data were unavailabie for inclusion. These data would not alter the line positions
greatly, although a spot check of Drayson's data with the compiiation showed differences in the
intensities of the order of a few percent. There is a good account in the report by McClatchey
et al. of those data which directly influenced the compilation, the preduct of an effort at Air
Force Cambridge Research Laboratories (AFCRL) initiated around 1968.

Since the group at AFCRL exerted much controlling influence on the separate efforts by tn-
vestigators to obtain experimental data on line parameters, they were able to elicit many of the
results where ihey were most needed. Indeed some of the authors of the compilation report wece
the investigators responsible for generating the data. In general, however, the sources of datz
on line parameters are relatively widespread with a heavy dependence for their accuracy, indeed
validity, on the numerous high-resolutior measuremnts made in the laboratory and in the field.
Further discussion is centered o the svhjects of laboratory and field measurements in Section9,
Many of the data used in the AFCRL compilation are not cited in i,aulainen's bibliogranhy, and
conversely many of the references cited in the latter work apparently were not used in compiling
the line parameters. The reasons for the choice of data for the compilation are not evident; on
the other hand, it would be ridiculous even to contemplate using the uncountable quantity of
existing data, even if it were all equally good. Furthermore, much of the work cited in the
compfiation is derived from reports of government-sponsored work which do not necessarily get
reporied in the open literature. These references would not necéssarily appear in the us\zal
bibliography, since they are often unavallable to the general public.

147. 8. R. Drayson, A Listing of Wave Numbers and Intensities of Carbon Dicxide Abgorption
Linag Between 12 and 20um, Report No. 038350-4-T, University of Michigan, Amn Arbor,
197s.

148. L. W Chaney, High Regolutlon Spectroscopic Measurements of Carbon Dioxide and
Carbon Monoxide, Rept. No. 636350-3-T, University of Michigan, Ann Arbor, 1972
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Because the AFCRL compilation is one-of-a-kind, it is appropriate that a list of the subject |
matter nsed be singled out here for critique By anyone who questions its specificily or com- X
pleteness. Many of the references cited in McClatchey, et al. (1973) are unavailable, either be-
cause the information was prlvately transmitted directly from the researcher !o the authors,
or because the works were as yet unpublished when the compilation was produced. The authors
are quick {o note that an opus of this magnitude is likely to contain errers, recognizing that its
usefulness will be determined by its accuracy and completeness, which i turn are assured by
the cooperation of the user in citing new laboratory data or theoretical work. The bibliography
at the end of this report presents works related to the various absorbing atmospheric species,

4.6.2 THE AFCRL COMPILATION

The compilation generated by AFCRL contains data on over 100,000 lines, mainly in the
infrared and micruwave regions, from 1{20 CO 3, N20 Co, CH 4 and 0 in the atmosphere,
and is described in the report (McClatchey, et a.l 19%3) cited earlier. It is, presumably, the ;
most nearly complete compilation of data-of this type, derived from a number of sources. ‘
Whereas many investigators ignore the presence of oxygen in the absorption spectrum of the Y
atmosphere, the AFCRL comptilation includes it. On the other hand, HNOs, cousidered to be
important at high altitudes, is not included in the compilation. The effect of HNO3 is,to be sure, \
secondary to that of the more common absorbing gases. And of course the more-or-less common’
atmospheric polluting gases have been excluded, probably for a number of reasons. Wheir im- :
portance is secondary; they would not fit into the scope of the general atmosphetric problem
since any interest in them would be provincial. And certainly, some have exceedingly compli-
cated structures, with far less data collected on them than on the more common atmospheric
constituents, The fact that HNOS actually falls, to a large extent, inlo this class of al»sorbers,

may be the reason for its exclusion.

According to a statement of McClatchey; et al. (1973 ), the compilation is available ‘o per-
sons interested in obtaining it. It is contained on magnetié tape in 7-track; 8000 BF¥I characters.
The format is described in the report and will not be reproduced here. 1t coatains informaticn
on the positions of the more than 100,000 lines included, ia addition to the line strengths and
half-widths corresponding to a temperature of 296 K and 2 pressure of 7¢9 mm Hg, 1.2., one

e e e s

standard atmosphere. For ease of use in generalized atmospheric calculations, the compiia~
tion alsgo includes the energy of the ground state for each ling, as well as several sets of
identification numbers. The strengths are deriver on the basis of the number of molecules of the
isotopes in their normal abundance. ‘Ihe isotopic abundances used are shown in Taxle 7. The

nomenclature used is given in tie following example: Hlomn"-m. For usage olthose numbers,
see McClatchey, et al, (1973).
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TABLE 7. ISOTOPIC ABUNDANCES. (From McClatchey, et al., 1973 [138].)

Molecule Isotope Abundance Molecule Isctope sdurdance
HzO 161 0.89729 CFy 211 0.98815
162 0.000300 311 0.01119
181 0.00204 CHZD 212 0.00060
1 0.090370
CO2 626 0.98414 02 66 0.98519
636 0.01105 68 0.00407
628 0.00402 67 0.00074
627 0.000730
638 0.0000452
637 0.00029320
828 0.00000412
03 666 0.99279
668 0.00406
686 0.00202
Nzo 446 0.99022
453 0.00368
546 0,00368
448 0.00202
447 0.00037
CcoO 26 0.98652
36 0,01107
28 0.00202
27 0.000369
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Determinations of the values compiled in the report by McClatchey, et .1, are evidently an
intricate combinatiox of theoretical and experimental resulls, eack being used as a check on the
other. Included in the repert is a set of nomenclature which form the basis for the calcmtation
of the more than 100,000 lines, a printout of which stacks approximately onz foot high. It is
vzviously beyond the scope of this report to reproduce these lines. One could perform many of
the calculations from the set of data tabulated in the report, but this would be a rather costly
and useless task, consideriny. that the line parameters apparently are available to anyone who
has a clean tape to send to AFCRL.

]

Basically, for linear molecules (CO2 and N20), the compilation originatese in the following
equation for the unperturbed vibrational energy levels:

G:np = Zw:.vi + E Z-' r”vivj + g22£2 + Z Z Zy”kvivjvk (156) :
i i} i jad k2

where the v, are the ﬂbraﬁe$a1 quantum numbers and £ is a quantum number (angular momentumg
associated with the degeneracy introduvced by the quantized argular momenta. The Wi xﬁ, yljk
and €,, are coefficients. In this form, the vibratonal energy level is referred to the lowest
vibrational energy level. Pexturbations of these energy levels to account for different effects
results in a resolution of energy level degeneracies and a splitting of energy levels. Coupled ;
with multiplicity of lines due to tie different isotopes of any given molecule, this splitting and the;
resultant multiplicity of rotational \ines, resulis in a large number of )ines associated with any ;
given vibrational band. The descripiion in McClatchey, et al. (1973) of the energy levels for
varioua molecules reflects this complexity, so that it is important to refer to the report for an
understanding of the labels attacha¢ to the lines in the comptlation. '

3

4.8.2.1 Carbon Dioxide (CO )

For th if:car molecules C02 and N O with only cne degenerate vibration, the G U0P s:

o - Z“’ ZZ-"u *g22' * .'_.ZZ’nk"t"j"k e

yog21 k2

i G i W st ' i b i s T

and the rotational energy corresponding to each quantum number, J, ie;

E,y =G, +B I+ 1) 1 -ppa+n- 2R aeen- 2P, (158)

where the Gv (vibraticnal energy level modified by reasonance perturbation), B » D, and H_ are
tzbulated in the report. The Hv are quite sm..l and thus omitted for most levels. The so-called
£-type doubling (see, 2.g.. Ref. [149]) couger 1 spl*tting of rotational lesels inte two levels close

149. g ger:g:;g, intrared ana Raman Epect o of Polyatomic Molecules, Van Moatraad,
o Yoo
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together in energy. The rotationzl conciiatls associatcd witl: these levels are designated in the

tables with an additionof ac ord. If f =1 the values B, for the » and d comporents differ as
dec thogse for D, andil . I € =2 the B valves are equal but the b, and M, vaiues differ

for candd. I £ =3 oaly the W, valuzs for ¢ and d differ. A further explaiation of the use of
these symbols in calentating energy lovals is given in tie roport along with the general equution

for calcwlating the wavenumber of an allowad transiticn:
J(m) = G‘, +2m +bm2 + cm3 + dm4 + en15 + .(me (159)
- | 1ty - [ - . 1 ) = - .
where a (Bv +Bv), b (Bv B‘:_ I?V+ _"_), c 2(0", + D:/'),
d = -(bv - D,V_ Y e= 3(Hv + Hv Bi= (dv - Hv)

and  m=J" + 1forthe R-branch (J"' ~ J'" +1)
-I'""jor the P-brarnch (J'' ~ J"' - 1)

i

=J" for the Q-branch (' — J'") (A slightly merilicd equation s used for the Q-branch;

See Eq. (160)).
The primed valces refer to the upper vibrational state and the double-primed values refer to the
lower vibrationsl state. The selection rules governing the ¢ ~currence of a transitior are as
follows:
When Al =0, AY = 11, c~-¢, and d ~——d;when Al = 1, AJ = 11, c—¢, 2nd d—d; and when

AJ =0, ¢c—d.
where, for exaniple, c——c¢ implies that the letter assizned to the rctational level does not change
in the transition, etc.

Certain vibrational energe levels and molecular constanvts for the various isotopes of COZ
reported in the compilation report are izbulated in Table 8. In Table 9 are ¢abulated the band
centers corresponding te transitions briviecn the vibraticrn] energy levels, also shown in the
table, as weil as the unperturbed stree ;ih of each band. Tuchniques are explained in the compila-
tion report for tzkinz interaction effects tnfo considiraticn. It should be noted, incidentally, that

the values tabul:ied do not always correspend to those uzned in generating the magnetic tagpe.

4.6.2.2 Nitrous Cuide (N,0)

For N,0O, ¢uin 2r2 roported which are similar to the-2 ~iven for COZ’ although e enevryy
&

level designaticn is slishtly differe... Iplinnations ave glvia for the manner in which tie band

datg are uced o to'io into accaunt the <liocts of Interacticns. The vibrational enermy levels and

moleculer consinnts nre given in Toble 10; those are fnc irt .l irto Eq. (159) to obtain line posi-

tions for tha P~ zud R-branches. Terile O-bransh, ure (07 =C, m=J"):

117

[ S—

vl et ik i A ol W .



TABL'? 8. VIBRATIONAL ENERGY LEVELS AND MOLECULAR CONSTANTS FOR CO,.

FORLERLY WILLOW RUN LABONATORIES, THE UNIVERSITY OF MICHIGAN

(From McClatchey, et al., 1873 [138].)

tnerqy [ ] -] Seargy ] ] ] Enecyy [ » o
Lavel Maltiply Level Multiply Lavel Multiply
w0’ wr 10 i by i0”
@l wmh @h wh et @h c™h) ' @h
) pa_ 826 46004 97,249 ©.330097  L.%9 41114 ¢ 0081.17%  0.30764) 1.%
o000t 0.C0 0.780218 1.0 33303 ¢ AL 1M 1,338 e1ite & 99783 1.68
32203 4 1.3 4l11) € 8230.644  .I8623)  1.358
0110k ¢ 467,379 .290843  1.3%8 2113 ¢ WSO W1 .6 e L8721 1,358
o0l 4 391383 188 a1y e 4842 1,708 41132 ¢ 0425.000  .3eE817 0.93%
40002 $475.565  .)9009)  0.895¢ Qe .388517  0.9¢S
10002 1283.412  .J904A1 1.3} 1333 ed S83L2YY TR 1.W2 11325 $803.265  .3818%% )1.49
03201 ¢ 1335.129  .J9lés2  1.38% 03311 of 617.3%4 L390%01) LM 1132 ¢ 2382748 1.55
02201 & 1.37 21113 ¢ %633.70 367010 1.268 03331 cd 8851.648  .383420 1.40
1000} 1368.107  .3%0188 1.'42 21124 .358128  1.38% 13 ¢ 896346 301264 122
13313 od $730.610  .392°Y 1.5 11131 4 .381876 1.1
1102 ¢ 1933.470 39073 1440 2kl e $790.579 (341D 1.138
ez ¢ 391680 1.301 ad 02883 1.07% 20033 93808.9% 62 LN
03301 ¢4 200).238 .}92420  1.40) 10022 9918.209 384738 1.%7 12232 ¢ %419.18% (38307 137
1101 ¢ 2076.86% 380436 1.3M) 02221 ¢ S954.339 . WMWI?  1.3% 12232 4 1.28
11101 @ 391344 1.19% 02221 4 [ Y8 1 20032 16.97C 404 L.39
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FORMERLY ARLOW AUNLABORATOMIER. THE UMNIVERBITY OF MICHQAN

TABLE 9. BAND ORIGINS AND STRENGTHS FOR CO;.

(From McClatchey, et ul., 1873 [138].) (Concluded

Sond Uppor bowes T~ .' ”n s
M Conter Lav- i tevel tape tamlitiply by
-
10°0 gt
't UL I |
6336.045  JILL SLIG &% .o
817940 11132 o000l &% .02
esh2. 044 D111 02201 % L3
%M. 700 1131 0000l 624 e
43,418 SNl ollor &) L0108
6290, 219 [ -3 1% [ 8 (3% RN
W0, 410 M) 03301 “we .0omi
667,200 BN BIISL &3 0112
70,706 31101 11102 & 80241
43,130 11 o0l e 00403
w751 611l 8301 AN 4
$90%.770 10033 10003} @ mnn
6907.144 10012 10002 82 .01%
082,230 S0c1) 00k (] JA2
13,18 sun ot e L
! e™i.418  00al1 o000l 4N 0.0112
i $372.370 00034 O000) 634 1598
i 281,980 40017 0001 €3¢ 000108
7460.430 40014 00001 62 42
7061.91 40013 00008 €3 00113
7983, 243 41131} 91101 (] 0N
7593.408  4003) Soo0l “°oe + 1084
716.620  $1102 00001 &3¢ (1,134 W
134,482 0012 0000} [ >0 N, ]
7737.023 4112 [I1-1) . K. ]
TO1. 4™ Nirx 0000} (> ) ,00149 018
TH0.840 40001 00001 428 Jonia
7905.108 10037 OGoo0d 418 k13
omi.0s8 12131 6701 AN 00193
08064 10030 G000l AN Jev0y
810,378  200))  J0003 43 L00MS
8120.104 10013 S0l 639 Loy
010.78) 20032  Jol 426 o
si15.00¢ 11132 G101 & 0002
BI82.3% 1003 (ool 4 024
$220.24) 10031 @000l AN oy
243163 30031 1000k 63 00100
8394.000 10131 #3300 A s
7677 11123 01101 €M 9083
$293.937 16031 o0l &% o4
9308.990  JOUIS  S0ME &M 18
.08 I M 6 06180
716.970 033 e00) e o233
931,350 20011 el 4 0083

Notes to Table 9.

Bands deriving all their strength from J-dependent
perturbation are designated o per-t, when one near
band provides the strength;n, when the listed strength is

muliplied by m(m + 1); an
is multiplied by m2(m + 1)<,

g A, when the listed strength

Q designates bands with strength below the criterfor
limit, whose Q-branches are significant.

¢ is an interaction parameter. Sze McClatchey,

et al, (1€%3).
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TABLE 10. VIBRATIONAL ENERGY LEVELS AND MOLECULAR CONSTANTS FOR
N20. (From McClatchey, et al., 1673 [138].) '

*En rgy G B D H
Level Multiply Multiply
by 10”7 by 10”12
(cm-l) (c'm'l) (cm-l) (cm-l)
00% 0 0.4190113 1.785 1.17 .
011% 588.767 0.4101777 1.785 1.17
0119 588.767 0.419069% 1.785 1.17
02% 1168.134 0.4109193 2.445 517
022% 1177,750 0.4201253 1.165 1.17
02290 1177.750 0.4201253 1.795 1.17
10% 1284.907 0.4172563 1.775 1.17
031% 1749.058 0.4196063 2.195 1.1%
03199 1749.058 0.4210383 2.195 1.17
033% 1766.958 0.420574 1.805 2.20
033% 1766.558 0.420674 1,805 0.14
111% 1880.268 0.4174373 1.765 1.17
1119% 1880.268 0.4182803 1.775 1.17
04%0 2322.570 0.4206113 4.095 16.17
642% (2331.15) 0.4210113 1.350 1.17
0439% (2331.15) 0.4210113 2.50 1.17
12% 2461.998 0.4181483 2.465 3.77
122% 2474.785 0.4187143 1.210 1.17
1229 2474.785 0.4157143 1.700 1.17
20°0 2563.341 0.4224193 1.645 1.17
00°1 2223.756 0.4155613 1.795 1.17
051 2897.876 2.085 1.17
ostdo 2807.876 2.355 1.17
131% 3046.213 0.4177633 2,145 1.17
1319 3046.213 0.4193783 2.165 1.17
133% 3067.749 0.419109 1,805 0.47
1339 3067,749 0.419109 1.805 1.87
124
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TABLE 10. VIBRATIONAL ENERGY LEVELS AND MOLEZULAR CONSTANTS FOR

PORMENLY WILLOW RUN LABORATORINS, THE UHIVERSITY OF MICHIGAN

NyO. (From McClaicbhey, ct al., 1973 [138].) (Continued)

125

* Energy G 8 D H
Level Multiply Multiply
by 1077 by 10712
(em™) (em™}) (em”) (em™})
Isotore 446 (Contd)
211% 3165.857 0.4158333 3.595 1.17
2119 3165.857 0.41691€3 1.595 1.17
011¢; 2798.290 €.4157723 1.795 1.17
0119 2798.290 0.4165473 1,795 1.17
14°0 3620.941 0.4187873 3.885 14.17
142% 3631.601 0.4190143 0.375 1.17
14299 3631.601 0.4190143 2.045 1.17
229 3748.252 0.4163273 2,395 2.17
222% 3766.060 0.4172013 1.200 1.17
222% 3766.060 0.4172013 1.560 1.17
30°0 3836.373 0.4141473 1.385 1,17
02°%1 3363.974 0.4165443 2.445 1.17
022%; 3373.137 0.4167523 1.195 1.17
022% 3373.137 0.£167523 1.795 1.17
10°1 3480.821 0.7137843 1.745 1.17
231% 4335.798 0.4159193 2.045 1.17
2319 4335.708 0.4176813 2.115 1.17
3115 4445.379 0.4143703 1.625 1.17
3119 4446.379 0.4156713 1.365 1.17
031¢; 3931.258 0.4162253 1.915 1.17
0319, 3931.258 0.4176843 1.925 1.17
033%) 3948.344 0.417327 1.815 0.14
0339 3948.344 0.417327 1.815 2.20
111¢y 4061.979 0.4140513 1.775 1.17
1119 4061.979 0.41490343 1.735 1.17
40% 5105.65 0.41319:3 1.795 1.17
32% 5026.34 0.4143113 1.795 1.17
20%1 4730.828 0.4121163 1.625 1.17
12%1 4630,164 0.4147633 2.475 417
122% 4642.463 0.4151583 1.315 1.17
1229) 4£42.463 0.4151583 1.315 1.17
002 4417.379 0.4120963 1.765 117
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FORMERLY WILLOW RUN LABORATOFIEIS, THE UNIVERSITY OF WICHIIAN
TABLE 10. VIBRATIOMNAL ENERGY LEVELS AND MOLECULAR CONSTANTS FCR
N2O. (From McClatchey, et al., 1973 [138].) (Continued)

B 4RO B 4 A R TN A a0 S

* Energy G B D B
Level Multipl Multiply
by10"0 | by1o'?
(cm l) (cm'l) (cm-l) (cm-l)
Isotope 446 (Contd)
211¢; 5319.175 0.41243i3 1.675 1.17
2119, 5319.175 0.4134703 1.555 1.17
011¢2 4977.695 0.4123583 1.785 1.17
0119, 4977.695 0.4131183 1.785 1.17
Isotope « 56
00% (] 0.418¢821 1.75
011% 575.5 0.419095 1.75
0119 575.5 0.41989% 1.75
10°0 1280.5 0.41719 1.72
111 1861.9 0.41734 1.7
11199 1861.9 0.41820 1.70
20% 2554.3 0.41545 1.67
00°1 2177.659 0.41568 1.75
011¢) 2739.63 0.415855 1.75
o1l 2139.63 0.416605 175
10°1 3430.95 0.41387 1,72
Isotope 546
00% 0 0.4048564 1.64
011 585,320 0.4050304 1.65
01199 585.320 0.4057724 1.65
10% 1269.894 0.493269 1.60
111% 1863.080 0.4034614 1.59
1119 1863.080 0.4043814 1,57
20% 2534.21 0.401870 1.45
00°1 2201.604 0.401495 1.65
011:1 2745,709 0. 4017054 1.65
0119 2745.709 0.4024104 1.65
10%2 3443.659 0.3998%3 1.60
128
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TABLE 10. VIBRATIONAL ENERGY LEVELS AND MOLECULAR CONSTANTS FOR

—
F IRNERLY WILLOW RUN LABORATORILS. THE UNIVERSITY OF MICHIGAN

NyO. (From Mcflatchey, et al., 1973 [138].) (Concluded)

|*Energy G B D H
Level Multiply Multiply
by 20”7 by 10”12
(cx'n.l (cm-l) (cm-l) (cm“)
Isotog 448
00% 0 0.395577 1.65
011 584.1 0.395749 1.65
o119 584.1 0.396461 1.65
10% 1247.9 0.394057 1.35
111% 1839.8 0.39430 1.56
111% 1839.8 0.39513 1.50
20°0 2491.3 0.39279 1.31
00°1 2218.97 0.392317 1.65
0119 2783.80 0.392549
0119, 2788.80 0.393209
10%1 3439.1 0.39078 1.55
Isotope 447
00% 0 0.406691 1.72
011% 586.3 0.406860 1.72
011% 586.3 0.407610 1.72
10°% 1265.5 0,405961 1.67
00°1 2221.3 0.40334
011¢) 2793.55 0.40357
0119 2793.55 0.40430

*Superscripts designate splitting. See Section 4.6.2.
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D(J") - Gv + (B' - Blv)m + [(B' - B'!)_(Dv - D")]mz - [2(9' - D")"(H' - H")]m3

-[(0' - D) - 3(H' - B"m? + 3(H" - HmD « (@' - H)m® (160)

For a fuller explanation of the inclusiveness of the data, the reader shculd refer to the compila-
tion report. Table 11 reproduces the data in the band systems for NZO' giving the main band
center and the levels from which transitions in these bands arise, along with the strength of the
system. The strengths of the individual lines included are greater than 4 X 102° molecules™)
cm2 cm-l, with the Q-branch of the band centered at 1974.571 included even though the individual
strengths fall below the restrictive limit, because they are close enough together to be included
aggregately by most slit functions. The individual bands in the system are broken down in

Table 12.

4.6.2.3 Carbon Monoxide (CO)

Turning to the simple molecule, CO, there is little fanfare in the compilation report regard-
ingits structure. Apparently, much of the ground work for determining the parameters used in
calculating its line positions came from a report by Young [150], out of which are reproduced
Tables 13 and 14. The first of these tables gives the spectroscopic constants for CO, and the
second gives the integrated strengths for the fundamental and first two overtones of the molecule.

4.6.2.4 Oxygen (0,)

In the compilation by McClatchey, et al. the 02 molecule is considered last because, as a
special cage, it produces spectroscopic data produced by mechanisms somewhat different from
those of the "conventional" IR-radiating and absorbing molecules. The energy level structure of
the 02 molecule is complex, but O2 is considered here because the physical strucinre of a di-
atomic molecule puts it in the realm of the simple molecule. Actually, the characteristics of O2
are presumed to be of lesser importance in this report because, as an absorber, 02 tends to be
effectively mainly in the near~IR (and visible) and in the microwave region, where the self-
emission of the atmosphere is well below that at the mid-IR reglons. Another, and perhaps more
pertinent, reason for this presumption is that most of the models described in this report ignore

O2 as an absorber A good reason for including 02, of course, is that it is the second most prev-

alent gas in the atmosphere, constituting approximately 20% of it. Nz, the most prevalent gas

150. ;. A. Young, "CO Infrared Spectra," J. Quant. Spect. Rad. Trans., Vol. 8, 1968, pp. 693~
16.
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TABLE 11. SUMMARY OF N,O BAND SYSTEMS. (From McClatchey, et al., 1973 (138].)

FORMERLY WL D)W RUN LA ATORIES, THE UNIVERSITY OF MICHIGAN

Center of Upper Lower Strength of System
Main Band Level Level Multiply by 10°20

(cm-l). Molecules™) emZem!

588.767 o1lo 000 118 + 9

696.140 10% otlo 0.354 + 0.020

938.849 0091 1ogo 0.254 7 0.010
1168.134 02% 00% 38.5 +11.5
1284.907 10% 00% 996 £ 40

o 1

1634.989 0091 010 0.278 + 0.02
1749.058 03'o 00%0 0.241 ¥ 0.02
1880.268 1110 co‘l’o 1.66 +0.08
1974.571 2090 o1lo =0.024 + 0.002"
2223.756 00°1 00°0 5710 + 259~
2322,624 04°0 00°¢ 2.7+0.3
2461.998 1250 0020 33.4+ 1.5
2563.341 20% 00°0 135 £7
2798.290 01 gl 00% 9.627% 0.96
3363.974 02°1 oogo 10.6 7 0.5
3480.821 1021 0020 197 £19
3620.941 14% 00% 0.567+ 0,02, - 0.05
3748.252 22% oogo 412+ 0.2
3826.373 30% 0% 8.15%1 0.4
4061,979 u}l 00°0 0.111 + 0,006
4335.798 23 0 oogo 0.1+ 0.1, - 0.07
4417.379 00°2 00°0 6.9 + 0.7
4630164 12901 00% 0.667+ 0.07
4730.828 20}’: 00% 4.4+70.4
4977.695 01 2 0020 0.0 + 0.008
5026.34 3200 030 0.29 ¢+ 0.04
£i05.65 40%0 0c"0 0.29 ¥ 0.03

*Only the Q-branch at 1974.571 is listed becausa the lines in the P- and R-branches

are very weak.
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TABLE 12. NpO BAND STRENGTHS. (From McClatchey, et al., 1973 [128].)

F:_.
Band Certer Upper Lower Isotope Sv at 296K
ve Tevel Level (Multiply by 10-20
fem™h) Molecules™} emZcm™})
1 ()
588.767 01°0 00% 446 98.4
579.367 ozgo ox}o 446 4,90
588,983 02%0 otlo . 446 © o 11.26
580,924 os}o 0220 446 ' 0.599
571,308 03,9 0230 446 0.256
589,205 0370 02:0 446 0.958
595,361 11,0 10% 446 0.216
585,320 0130 00°0 546 0.356
575.5 oxio 00°0 456 0.356
586.3 . 01,0 00°9 447 0.039
584,1 01’0 00% 448 0.197
696.140 10% o:lo 446 _ 0.294
938,849 00°1 10°0 446 0.223
1168.134 02% 20% 446 31.7
1160.291 030 o1lo 446 5.72
1:5;.436 Mgo oz‘z’o 446 0.201
1153,40 040 02%0 446 0.228
1177.750 0220 00°0 446 .
1284,9C7 m‘l’o 00% 446 872,
1291.501 1nlo o1lo 446 100.6
1293.864 12% 02%0 446 3.16 :
1207 02g 1230 0220 446 5.92 i |
}g;g.tg; 2070 10‘1’0 446 3.73 X
. 130 0320 46 0.390 :
1300.791 13‘1’0 oafo 446 0.364 ;
1285,589 " 2120 110 446 0.412 o
1280.5 1070 oc‘l’o 456 3.15 !
1286.4 110 0170 456 0.354 1
1269.894 1020 oo‘l’o 546 3.15 X
1277.760 1120 01lo 546 0.362 %
1247.9 1010 0670 448 1,75 ~
1255,7 uoo 01°0 448 0.200 )
1265,5 16°% 00% 447 0.350
1634.989 00°1 o1lo - 446 | 0.221
1749.058 03lo 00%0 446 0.200
! {
: 1880,268 1110 00% 448 1.41
; 1886.018 1220 o1lo 446 0.156
, . - 1
; 1893.231 100} pIR0) 446 0.053
1974.571 200 b1lo 446 Sq = 9.024
2181.66 05°0 10°0 446 .
*No value given. ‘ i
_;f‘-‘ 130 é
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TABLE 12. NzO BAND STRENGTHS. (From McClatchey, et al,, 1973 [138].) (Continued)

e N Wb s o oy o oo

Band Center Upper Lower Isotope Sv at 296K
Ve Level T.evel (Multiply by 10-20
(cm'l) Molecules™} em?em™h)
2223.755 00‘1’1 oo‘x’o 448 5023,
2209,523 011 oi1lo 446 568.
2195,840 2201 ozgo 446 16.8
2195,387 0221 0240 446 31.8
2195.914 10‘1’1 10‘;0 4486 10.1
2182,200 63,1 03,0 446 1.958
2)81,3285 031 93,0 446 1.88
2181.711 114 110 446 1.10
2193.623 aogz 00°1 446 0.201
2171.659 001 0070 456 18.1
2164.13 011 010 456 2.04
2201,€04 co‘;l oo‘l’o 546 18.1
2187.389 01'1 01°0 546 2,10
2218.97 oog’x oo‘l’o 448 10.1
2204.70 0171 01°0 443 1.15
2221.3 oo‘l’x 0070 447 2.01
2207.25 011 01'0 447 0.234
2322.6245 04‘1’0 oo?o 446 2.11
2308.109 05'0 oi'o 446 0.54
2461.998 12‘1’0 oo‘l’o 446 27.6
2457.446 130 01'0 448 4.68
2452,807 1470 ozgo 446 0.239
2453.851 1420 02%0 416 0.321
2463.345 22° 10%% 446 0.192
2563.341 2090 oo‘l’o 446 120,
2577.096 2110 o1l0 446 12.2
2580,118 22(2’0 ozgo 446 0.343
2588,310 22%0 020 446 0.648
2551,466 3090 109¢ 446 0.696
2534.21 2000 0000 546 0.454
2554.9 20" 0000 456 0.384
2491.3 20°0 00%0 448 0.192
2474.785 1220 00%0 448 .
2798.220 o1l1 oo‘l’o 446 8.05
2715.207 0291 0170 246 0.401
2784,270 0211 01.0 446 0.912
2763.124 o3t 029 446 0.025
2753.508 osgt 0220 446 0.020
2770,594 03%1 02%0 446 0.078
3353.974 oz‘l’x 00%0 446 8.82
3342.491 031 o:lo 445 1.57
*No value givea.
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TABLE 12. N3O BAND STRENGTHS. (From MeClatchey, et al., 1973 [128].) (Concluded)

FORMEALY WRLOW RUN LAKOHRATORIES, THE UNIVERSITY OF MiCiHIGAN

Band Center Upper Lower Isotope ! Sv at 296K
Ve Level Level (Muttiply by 10-20
(em™) Molecvles ™! em2cm ™))
3480.821 10%1 00% 446 173,
3473.212 nh o1lo 448 19,24
3462.030 1231 021‘,’0 446 0.563
3464.713 12°1 020 446 1.064
3445.921 2001 10% 446 0.652
3443.659 1001 (090 546 0.627
3430.95 1001 0070 456 0.627
3439.1 10°1 00% 448 C.348
3466.54 oego 00% 446 *
3474.65 060 00°0 446 »
3748.252 2270 0070 446 3.52
3747.031 23°0 o1'o 446 0.512
3620,941 14% 00°0 446 0.492
3836.373 30% oo‘;o 446 7.28
3857.612 s1lo o1lg 446 0.698
4061.979 1 00°0 446 0.002
4335,798 2210 00% 446 0,083
4417,379 0092 oo‘l’o 446 6.07
4388,928 01i2 o1’p 446 0.686
4630,164 129) 00°0 446 0,597
4730.828 20%) 00% 446 3.90
4730,408 2111 o1lo 446 0.410
4977.695 01l2 00°0 446 €.058
5026.34 3200 0096 44€ 0.255
5105.65 40%0 00%0 446 0.255
*No value given,

PR NP O
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TABLE 13. ROTATIDONAL CONSTANTS USED IN THE
CALCULATION OF CO LINE POSITIONS. (From
McClatchey, et al., 1373 {138].)

Symbol Value
“ 2169.836
wX, 13.295
wY, 0.0115
B, 1.931285
ae £.017535
Ye 1.01 x 10”3
n 8.12x 10°°
Be 1.0 x10™°

TABLE 14. STRENGTHS OF CO BANDS. (From
McClatchey, et al., 1973 {138].)

1-0 2-0 3-0
Strength, S(cm™!/molecule-em™2) 9.70x 10718 6.99x 10720 4.83x 10722
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at approximatelv 83% i not considered in the compilation, although it is responsible for some
continuurs absorption. But its effect is minor, and ignored in most of the models described in this
report., v

One should consult a text like Herzberg [151] for a complete discussion of the O2 molecule,
but a thumbnail sketch. of its more important features is given in the compilation report by
McClatchey, et al. Without a coraplete description of terme used in the equations cited for the
determination of line parameters, however, one must consult the original references {cited in
the Bibliography) for a more therough understanding of the ise of the equations.

4.6.2.5 Water Vapor (HZO)

Onme of the twc most important molecules effective in atmospheric transmittance and radiative

transfer is HZO in the gaseous (vapor) foris. MzClatchey, et al. have drawn on a large aumber
of sources for the accumulation of data on line parameters for H?.O' Table 15, taken from the
compilation report, demonstrates this dependence on a large number of scurces, by summarizing
the origins of data on H20 for all the spectral regions covered in the compilation. Because of
the complicated nature of the non-linear H20 molecule, much dependence has been piaced on ex-

perimental data. Much of the confidence one feels in the compilation can be attributed 1o the self-

consistency of the experimental data, along with the care taken by the AFCRL group ir assem-~
bling and compa.ing them with the results of acceptable theory. It Is recegnized, nevertheless,
that the accuracy of the compilation is strongly dependent on the plausibility of the theorv and the
accuracy of experimental data, upon which the theory depends for extending the limits of the
compilation beyond mary of the measurable limits. Table 16 reproduces the salient features of
its source in the compilation report on vibration-rotation band data. The coefficiems included

in the original are excluded from this table since they have no meaning ouiside of context.

4.6.2.6 Ozone (03)

Whereas nzo is one exainple of a triatomic, non-linear molecule effcctive in the absorption
of atmospheric radiation, 03 is the second example of one of the more important absorbers
representative of this class of molecule. Table 17 reproduces the tabulations in the AFCRL
report which is a collection of the band centers and intensities used in the compilation for 03.
The most important region for 03 absorption comprises the 9.8 um (designated ¥y and Vs
fundamentals) and the weaker 14 um (designated uz) bands. The "1 and "3 bands are centered

1 1

respectively at 1103 cm” " and 1042 cm ™ .

151. G. Herzberg, Bpectra of Diatomic Molecules, Van Neatrand, N, Y., 1850,
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4.6.2.7 Methane (CH4)

The next and most coniplex of the molecules included in the AFCRL line parameter com-
pilation is CH’. Many of the data are strictly empirical, unpredicted by theory at this time.
So the information on some of the CH, data should be considered tentative. In Table 1R is a
tabulation of the CH4 bands with the pertinent data taken from the sources listed at the bottom
of the table. As indicated above, the information in the compilation on CH4 relied heavily on
experimental data. The quantum number drsignaticns for the bands are as follows:

\\} 12v3 l3v4l4l
as described in the compilation report by McClatchey, et al. (1973). Included in the report are
listings of spectroscopic parameters for the ground state of 12(.’}!4, the vg band of 12CH4, the
v, band of 12cH,, the v, bane of 1*CH,, the v band of Y3cH,, the v, band of CH,, the vyt v,
band of "“CH 4 znd the 2v, band of ""CH 4 It would serve no purpcse to reproduce these iables
here since there is nct sufficient information which could be used to perform line parameter

calculations.

In summazry, it is evident that a very large amount of work has teen put into assembling a
collection of information which promises to be of unparalleled use to mauy investigators. Many
of these data have existed fcr many years in one form or another. It is to be hoped that the plea
by the authors of the report by McClatchey, et al (1973) will be heard, and that users will help
determine the value of the compilation. Because of the complexity of the task, to say nothing
of the complexity of the entities on which the task is performed, there are sure to be deficiencies
in the compilation. So it is to the benciit of all that those who use the data help to alleviate the

deficiencies and continuously {mprove the data. : .

A good deal of caution must be exerted in the use of the line parameter compilaticn bz-
cause, even in its great usefulness, it is incomplete and, in some cases, in error. For work
of moerate to good accuracy, it seems they can be used without trepldatioh. But for work
which requires the extremes ja accuracy, certain bands can be used with less confidence than
others. The originators have found examples of misplaced lines which are being corrected in
later tapes, but which naturally are retained in the earlier ones. In addition, certain “hot
bands'' are missing. The difficulty in experimentally determining the characteristics of ozone
means that thorough scrutinizing of the O3 parameters in the compilation may be required.
Some investigators are now commencing programs from which more data on O, are expected
to be derived. All in all, the compilation, now a useful tool, will become more :xse{ul as the

inaccuracies are eliminated.
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TABLE 15. SUMMARY OF PRIMCIPAL DATA SQURCES FOR WATYF. VADPOR
ENERGY LEVELS. (From McClatchay, el al,, 1073 [132].}

Precizsicn

; ) Range of lLovels Strensth ¢

an-v;n Type of Rotational Limit © _\;

cm Measurement Vvibr :tional J Ko | (276 K} € Pef,

0-25" L,181,171 0,010 16 8 <-27 LS00 13, 152

0-2% L.162,182 0,010 13 7 <-27 LU0 CL 17 4, 155

30-250 L 0 13 7 ~23 005 159
250-550 L [} 15 1 ~24 03 157
480-690 LH 0 15 12 -25 .02 138
430-650 r 0,010 etc. 3618 <=27 .08 153
700-1100 LH 0,010 19 2 -26 .1 160
750-1400 A 0,010 18 12 =25 .05 161
860~11G) A 0,010 18 12 -25 .02 162
1270-1450 LH 010,020 16 9 -27 .05 173
1200-1700 L,162 olo 14 7 -27 .02 104
1330-1970 L,161,17) 010 p¥] 6 ~26 .01 125
1840-2500 LH 010,020,001+ 18 10 -26 .03 173
1925-2182 AU 010,220,001+ 28 10 <-27 .01 157
2390-2970 AU 100,001, etc. 12 12 <-27 ol 167
24803030 Ly162 100,120 8 1o <=27 <035 128
2900~13500 A 020, 00,001 16 11 -26 02 159
2800~3500 | 4 001,211, ete. 33 13 €-29 .02 170
2900~3330 L.,162 001,100, etc. 14 9 -25 005 171
3340-4030 L,18),171 01,500, ete. |13 ? -6 .01 172
J940-4300 r 001,011, ctc. 33 19 .<=27 .02 170
4032-5090 AU 001,011,020 4+ } 33 17 <~27 .01 173
3950-5200 A 001,030,011,etd 18 13 ~26 .01 174
4500~ 5313 1,162 011,030,110, et 14 a -25 005 171
5090~5375 L 011,110 12 7 =34 L0035 175
S540-T70C) A 011,021,120 + {16 9 -26 .01 174
55506720 AU 011,021,120 ¢+ |24 11 <-27 .01 173
TOOC=7500) L 101,200 13 8 -24 o5 178
7400-92000 A 101,002,111 + | 16 9 -26 .01 174
T395~8800 AU 101,001,111 + | 16 9 =25 .01 113
#300~10000 A 111,042,041 16 8 =25 .03 177
9150-9350 A 012,111 10 ? -27 005 178

The data sources are of {ive types:

L, leboratery absorption

measuraments on watsr vapor or moigt air at room temperatuzey LU, sicilar

measurements in cells heated to 75-540°C; ¥, laboratory measureronts of

enission from oxy-hydrogen or oxy-acetylenc flames, ylelding ~10'"
molecules/ce? B0 at  +2700-3500%r A, wanguremants of solar radiation

through the ateposrhere, containing 1022 410% woleculan/cn?y U, observatlons
of the raticed spectrum of surspot/photosphere, also contalaing abeut 10'?

mol/en’ at .3600%.

Isotopic syrhols are appended whea enriched garplas

ware studied, underlinsd whan a major componrent, darhed when poderately

increased above matural abundance.

The rangn of vibrational end rotational

levels is & rough indication of tha extent of levels chaervable down to the
intensity limit of s° (cm“l/tml m.zl. corrected to 296%, with the rerolving

power uted,

Tha gro:nd state,

(v0) is {rplied 4in all regions,

In iefzrence 171, the observed contamination of the sample by deute-

rium te give the HDO abundances varying from 10-200 times normal was not

reported.
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References to Table 15

152. F. C. De Lucla, P. Helminger, R. L. Cook and W. Gordy, Phys. Rev. A §, Vol. §, 1872,
p. 487,

158. G. Steenbeckellers and J. Bellet, Comptes Rendus Acad. Sci., B273:288, Paris, 1971,

184. F, C. D« Lucla, P. Helminger, R. L. Cook and W. Cordy, J. Chem. Phys., Vol. 55, 19871,
p. 5334,

155. W. 8. Benedict, 8. A. Clough, W. J. Lafferty, L. Frenkel, T. E. Sullivan, J. Bellet and
G, Steenbeckellers, (1973), to be published.

156. R.T. Hall and J. M, Dowling, J. Chem. Phys., Vol, 47, 1967, p. 2454,

157. K. N. Rao, W. W. Brim, J. L. Sinnett and R. M. Wilson, J, Opt. Soc. Am,, Vol. 32,
1962,

158. J. R. Izatt, H. 8akal and W. 8. Benedict, J. Opt. Soc. Am., Vol. 58, 1969, p. 19.

159, R. P. Madden and W. 8. Benedict, J. Chem. Phys., Vol. 25, 1956, p. 204 and unpublished
data, 1956.

160. D, E. Burch and D. Gryvnak, Unpublished data, (1971).
161, J. Dionne, Atmospheric Spectra from 9.1 to 11.6u, Theals, Université de Paris,

1972,

162, M. Migeotte, L. Neven and J. Swensson, The Solar Spectrum from 2.8 to 23.7 Microns,
Meanures and Identifications, Mem. Soc. Roy. Sci. Liege, Spectal Volume 2, 1957.

163. Y. Ben-Aryeh, J. Quant. Spec. Rad. Trans., Vol. 7, 1870, p. 211,

164. J. G. Williamson, K. N. Rao and L. H. Jones, J. Mol. Spect., Vol. 40, 1971.
165, N. M. Gailar and F. P. Dicley, J. Mole, Spect., Vol. 4, 1960, p. 1.

166. D. E. Burch and D. Gryvnak, Unpublished data, (1973).

167.

D. N. B. Hall, Unpublished data, 1872.

© 168. W. 8. Benedict, H. Chang, 8. A. Clough and W, J. Lafferty, (1973), to be publighed.
R. Beer, Private communication (1970) to McClatchey, et al., 1873,

170. W. 8. Denedic! and R, Sams, Twenty Sixth Svmposium on Molecular Spectroscopy, Ohlo
State Unlversity, Columbus, 1871.

L. A. Pugh, A Detailed Study of the Near Infrared Spectrum of Water Vapor, Thesis,

169.

171

Ohlo Btate University, Columbus, 1972,

172. P. E. Fraley, K. N. Rao and L. H. Jones, J. Mol. Spcct., Vol. 20, 1969, pp. 312, 348.

173. D. N. B, Hall, (Obeervations of the Infrired Sungpot Spectrum Between 11340 A and
24718 A, Theals, Harvard University, Cambridge, 1970.

174, J. Connes, P. Comnes and J. P. Malllard, Near Infrared Spectra of Venus, Mat -, Jupiter
and Saturn and Atlas of Near Infrared Spectra of Verus, Mars, Jupiter and Satven,
Centre Natlenal de 1a Recaerche 8clentifique, Paris, 1969,

175.1
176,

1717,

178,

J. M. Flaud, C. Cainy-Peyret and A. Valentin, J. Phys., 8-9: 741, 1972.

R. C. Nelson, Atias and Wavelength Tables, Summary Report IV, North- estera

University, Evanston, Ill., 1949,

J. Bwensson, W. §\. Benedict, L. Delbouille and G. Roland, The Solar Spectrum from x
7498 to A 12016. A Table of Measures and Iderdifications, Mem. 8oc. Roy. Scl. Liege,
8pecial Volume 5, 1970.

J. R. Breckenridge and D. N. B. Hall, Solar Physics, to be published, (1973).
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TABLE 16. WATER VAPOR STRENGTH DATA. (From McClatchey, et al., 1973 [138].)

vy N e Qe vo — s{(296m)
! 00 v v |rype ™ oion™? Dedyes = 1m0 v v | type owlmoran? Dayes
oraes 162 owooss | A 80 o2z 068 $372.11¢ 162 200000 | A 1.2 =023 L0042
8 1.92 -021 .10% 6879.2! 161 130 o110 B 4.32 -024 00194
1556.895 161 02000 | 8 s.6 -0om An €755.40 13 120000] B 7.05 -024 .00112
1588.279 101 010000 | B 2.12 -020 an 611530 161 10000 | 8 3.8 -0m 00112
1891.32 171 010000 | B 3.93 -onm an €779.08 161 031010 A 6.94 -023 0076
1994.73 161 010000 | B 1.061-017 an o844.59 let o 0aeoo A l.aa-o:2 -00s4
6857.32 171 021000 | A 2.09 -023 0044
2062.318 161 100 010 » 8.9 -0 0167 6871.812 161 025 000 a 8.64 .ozb 0044
2161188 16 coro0 | A e -0z2  Loam 1186.68 188 200000 3 1.06 022 0042
720148 161 200000] ® $.29 -030 0042
709.23 182 100000 | A 1.1 -0 .04 1213.26 160 1olo) A 3.9 -022 .o187
2723.687 162 100 000 : :::’ 3;';’ :g;z :zzz.ss 18 101000 A 1.49 -om1 L0187
ol 12 oo | B 82 -om 015y 238,57 mn 101000 | A 2.76 -022 0187
B 9.0 ~024 L0081 7249.9) 161 103 000 N 7.47 -019 -0157
737179 161 o12010] » 2.17 -024 00134
3072.058 161 030 010 B 7.99 -0 o1 74017.54 18 002 000 ® 1.06 -023 -00131
3139.02 81 020 000 B 1.32 ~022 .007g 7430.54 1 002 000 8 1.9 -0 -00131
TR 177 020000 | ® 4.92 ~023 0070 7745.04 161 002000] B S$.29 -021 .00131
M81.631  is1 020000 | B 6.58 ~01) 0076
3640. 245 16 110 010 B 1.50 -022.  .0149 8230.84 161 041 010 A 3.88 -0 00204
3649.6%0 101 30000 | B 7.24 -022 ouds 0273.98 161 10000] ® 2.1 -022 .00027
3653.14 m 100000 | 3 1.3 -02:2 SRy 041,32 1 0000 ] A 7.: -024 .00102
3657.084 162 300 0 B 3.62 -029 0.5 356,70 172 03000 f A 1.33 -0 .00102
3707.459 162 001 000 : §:: _g:: .::g; €173.82 188 oo | a 3.6 -02. 00102
. 734.97 162 121010 A ¢.10 -02. .0037
3736.509 161 0ilc10 ] A  3.30 -0: .0708 761.87 161 20000 » 3.6 -022 .o0om
3741571 180 001 ¢*D | A 1.60 ~020 .0708 179,75 1 100 ] a .96 -om 0037
s 1 wleal A 2.%6-0m  .0%08 792,63 1M Moo ] A 1.85-022  .o037
3755.924 161 001000 | A 7.234-018 .0709 $207.00 161 micw! & 4.98 -020 .on37
0.9 162 100 | A 20 -om o06s #966.53 1 c2000] B 2.4 -024 00057
B 1S -024 .0024 $260.33 1€ otaveo| 8 1.2 -02 00057
us.am 12 o000 | 4 19 on o
$433.%9 161 000 ] A a9 -02 00011
4665.720 161 030000 | » 2.0 -022 .00032
soe.33% 162 omowo ) 3 20 -on jroesd
3180.3¢ 161 120000 » 1.47 023 10040
$231.29 8 110000 | 8 366 02 0028
$221.78 n 10000 | 3 6.77 -024 .0028
$234.901 161 110000 | 8 1.93-%0  .c02e
sn8. 7% 11 onoo)] A 7.48 -p22 .020¢
$310.43 180 o000 | A 1.81 -02,  .0203
$320.28 M oo | A a3 -0 .oz
2245 161 ommooo]| A 9.06 -029 0203
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TABLE 17. OZONE TRANSITIONS INCLUDED IN DATA COMPILATION.
(From McClatchey, et al., 1973 [138].)

Band Center }:isi Vibrational Transition Isotope
-1 Upper State Lower State
cm cm'l
2
mol/cm
0. 413 x10719 000, 000 666
700.930 6.70 x 10-19 010 000 666
1007.692 9.49 x 10'2(1) 101 100 666
1097.996 2.49 x 1072 001 000 686
1021.096 4.23x 10719 o11 010 666
1027.096 1.62 x 10-53 002 001 666
1028.098 5.16 x 10°2) 001 000 668
1042.096 1.29 x 10 001 000 666
1103.157 3.47 x 10'13 100 000 666
2110.790 1.33x 10° 101 000 666
2785.241 2.32 x 10720 111 000 666
3041.200 1.10 x 10-19 003 000 666
;
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TABLE 18. METHANE BANDS INCLUDED IN DATA COMPILATION. (From McClatchey,

FORMERLY WILLOW RU LABORATORES, THE UNIVERSITY OF MICHIGAN

~etal., 1973 [138].)

Isotope Band Center Upper Lower &rength
{ecm-1) State State (cm'l/mole-cm-z) .

s11 v, 1297.88(178] | 00000111 | 00000000 6.59x10 ~20*
211 vy 1305.2:38118%] 90000111 | 00000000 5.87x10-1811%%]
211 vy 1533.289(181] 01100001 } 00000000 8.91x10-20{1%]
311 v3 8009.530182] | oco11001 | oooocoos 1.36x10-19%
211 vy 3c18.9205[183] 00011001 | cooovoco 1.21x10-17(15¢]
211 204 2600{184] | oooooz22 | ooocoooo 1x10-19**
i1 | warwy | 2818, 20381"% 01100112 | 00000000 8x10-19"*"

179. T. G. Kyle, R. D. Blatherwi

p. 2800.

180. F. Michelot and K. Fox, (1973), to be publiched.
121. M. Dang-Nhu, Thesis, Untversité de Paris, 1968.
182, R.S. McDowell, J. Mol. Spec., Vol. 21, 1966, p. 280,
183, B. Bobin and K. Fox, J. Chem. Phys. and J. Phys. (Paris), 1973.

i84. K. Fox, Bull. Am. Phys. Soc., Vol. 18, 1973, p. 232.
185. W. S. Benedict, Private communication {1973) to McClatchey, et al., 1973.

186. R. L. Armstrong and H. L. Walgh, Spectrochim Acta, Vol. 16, 1860, p. 840.

*1/89 times value for corresponding band of 211 isatope
**1/100 times value for vg of 211 isotope
***1/15 times value for vq of 211 isotope
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4.6.3 OTHER ABSORPTION GASES AND ABSORPTION MECHANISMS

There are several places in the spectrum which are designated continuum regions, but
the most important from the standpoint of thermal radiation is between 8 and 14 pm. Some of
the attenuation effect in this region is from the presence of aerosols, in the form of scattering.
But except under rather hazy conditions, the effect of scattering is secondary, the major effect
being apparently from the presence of very weak lines of water vapor, or, more significantly,
irom the wings of H20 and the relatively less important CC)2 lines whose centers are distant
from the region. Some effects from the agglomeration of Hzo into dimers has been postulated.

Because the uncertainty in the line structure used in the calculation of atmospheric trans-
mittance, either directly or in band models, is greater in the wings than it is rear the center,
it is evident that calculations will introduce relative errors in this low-absorptance region
which could well be unacceptable. Therefore, the continuum region 1s usually considered
empirically using some cf the original work on the subject performed by Bignell, et al. {187],
and later results from Burch, et al. {188]. Bignell [183] found that {u addition to foreign
broadening effects, the continuum absorption is strongly dependent on the partial pressure
of water vapor. Most models for atmospheric transmittance allow for this effect by apply-
ing parameters established from experimental data.

In addition to the major gases te which great care is given in all of the models, there
exist the so-called minor gases which are strong absorbers, but whizh, because of their con-
centrations or locations in the atmosphere or in the spectrum, play less of a role in the gen-
eral calculation of atmospheric transmittance. Most models account for these gases, and in-
deed they should be considered very carefully in the cases for which the high spectral purity,
say, of laser radiation is involved; or for very long paths at low pressure. Chief among these
gases are CO, N20, CH " which are included in the compilation; and HN‘O3 and SOZ’ which
constitute part of what is commonly known as pollutants.

187. K. Bignell, F. Saledy and 2. A. Sheppard, "On the Atmospheric Infrared Continuuia,”
J. Opt. Boc. Am., Vol. 53, No. 4, 1963, po. 488- 473,

188. D. E. Burch, D. A. Gryvnak and J. D. Pembrook, Investigation of the Absorption of In-
frared Radiation by Atmospheric Gases, Report No. U-4829, Philco-Ford Corporation,
1870.

188. D. L. Burch, Investigation of the Absorption of Infrared Racdlation by Atwospheric Gaaes,
Alr Force Can.bridge Research Labs., Philco Report No. U-~4784, Philco -fFord
Corporation, 1970.
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5
GENERALIZATION OF METHODS OF CALCULATING
ATMOS;" IERIC ABSORPTION
There is no known way of exactly i .ving Eq. (147) for a real atmosphere because of the
complex frequency variability of k(p). ¥wen with our current understanding of the nature of
line parameters, just a zasual glance at Figure 27, a graphical representation of part of the
transmisgsion spectrum, assures us that numerical techniques are required for the calculation

of "infinitely" resolved spectra.

5.1 LINE-BY-LINE METHOD OF ATMOSPHERIC TRANSMITTANCE CALCULATIONS

One method uzed In determining spectral transmittance of moderate resolution is to per-
form what we call a "lire-by-line"” calculation. What this means is that, from the contributions
of all pertinert lincs, we sum the valucs of the absorption coefficients, k(v) in Eq. (154) for
example, at as many discrete values of v as will faithfully reproduce the spectrum. The re-
sult within the integral over vy is a set of discrete transmittance values which, when plotted,
resemble Figure 27. A numerical integration over frequency within the proper interval Ay
results in the final spectrum of moderate resolution. Conceptually this calculation yields, to
within any desired accuracy, the exact representation of the value which would be obtained by
an instrument whose resolution was Ay and whose spectral regponse over that interval was

constant.

Unforfunately, many things are implied by this last statement. Instruments do not usually
‘have congtant spectral responses so this factor must be taken into account, which, again con-
ceptually, is not difficult to do, but which incorporates a factor of complexity into the calcvla-
tion. Other implications are that the uhe parameters, and the atmospheric parameters gov-
erning the proper choice of the absorber amount, are well known. Even when they are known,
they can only be incorporated approximately. Uncertainties brought about by these factors,
however, are inherent in any calculative method, including, and indeed especially, in the band
models to be discussed in the succeeding section.

The only way, therefore, to assure the highest accuracy in calculating atmospheric trang-
mittance is to use the line-hy-line method with a set of accurate line parameters with appro-
priate meteorological data. Unfortunately this method, is time consuming and expensive to
run on a computer. Furthermore, there are still gaps of uncertainty in the only "complete"”
compilation currently in existence, i.e., the AFCRL compilation (McClatchey, et al., 1973).
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5.2 BAND-MODEL METHODS OF ATMOSPHERIC TRANSMITTANCE CALCULATIONS

5.2.1 INTRODUCTION TO THE BAND-MODEL CONCEPT

Many applications do not require a highly accurate determination of the absorption spec-
tra, but only a first-order approximation to the true spectra, and in many cases the spectra
may have relatively low resolution. Therefore, almost all of the available methnds for com-
puting atmospheric absorption use approximations which reduce Eq. (154) tc a form which ex-
presses the transmission, averaged over some interval, in terms of elementary functions.
The simplified equation is then used with laboratory homogeneous-path data to derive appro-
priate parameters. and predict absorption for othier homogeneous paths.

The classical approach used in performing the simplification of Eq. (154) is that of using
a model of the band structure. That is, it is assumed that the line positions 2nd strengths
are distributed in a way that can be represented by a simple mathematical model. The most
commonly used band models are listed here.*

{1) The Elsasser or regular model {191] assumes spectral lines of equal strength, equal
spacing, and identical half-widths. The transmission function is averaged over an interval
equal to the spacing between the line centers.

(2) The statistical or random model, originally developed for water vapor assumes {hat
the positions and strengths of the lines are given by a probability function. The statistical
model was suggested by Telles and worked out by Mayer [192] and (independently) Goody [193].

(3) The random -Elsasser model [194] is a generalization of the Elsasser model and the
statistical model. It assumes a random superposition of any number of Elsasser bands of
different strengths, spacings, and half-widths. Therefore, as the iumber of bands ranges
from one to infinity, the bx d modei extends, respectively, from the Elsasser model to the
purely statistical model. This generalization, therefore, yields an infinite set of absorption
curves between those of the Elsasser and statistical models.

*Other band models have been developed and are discussed In detail by R. M. Goody (1964).

101. W. M. Elsasser, Phys. Rev., Vol. 54, 1938, p. 128.

192. H. Mayer, Methods of Opacity Calculations, V. Effect of Lines on Opacity, Metheds for
Treatiag Line Contribution, Report No. AECD-1870, Los Alamos Sclentific Laboratory,

Los Alamon, Calif., 1947.

193. R. M. Goody, "A Statistical Model for Water-Vapour Absorption," Royal Meteor. Soc.
Vol. 78, 1952, pp. 185-164. " '

194. Getgo Plags, "Models for Spectral Band Absorption,” J. Opt. Soc. Am., Vol. 48, 1858,
o. 600,
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(4) The besgt available model is the cuasi-random model [195]. It is canable of fairly
accurate representation of the band, provided the averaging interval is made sufficiently
small. However, of all the models, it requires the greatest amount of computation.

5.2.2 A SINGLE LORENTZ LINE

Let us consider the absorption caused by a single spectral line of a homogeneous path of
a single absorbing gas. Let us assume that the shape of this line i{s represented by the
Lorentz equation. For these conditions the absorption is given by

1T Sayp
AAy = 1-~ exp -; ——ﬁdx' dy (161)
Ay o vy tap

For a homogeneous path S, o and p are constant; Equation (161) further reduces to

a,w
AAy = 1 -exp- g—-—l‘z———f v (162)
Ay (v - VO) + aL

X
where w = I pdx’ = px and is defined as the absorber amount.
0

A plot of absorption ver sus frequency is shown in Figure 28 for different path lengths, or
for different values of w. The absorption caused by this line for au optical path of length %y
would be considered a weak line since the absorpticn is small even at the line center. For a
path of length Xq, the center of the line is completely absorbed and any further increase in
path length would cnly change the absorption in the wirzs of the line. Absorption by paths of
length equal to or greater than Xy would, therefore, be considered strong-line abgorption.

In Eq. (162), {f it is agsumed that the interval Ay is such that the entire liue is included,
then the limits of integration can be taken from -w to a without introducing a significant
error. When these limits are used, Eq. (162) can be solved exactly for the total absorption.
Ladenburg and Reiche (1913) have solved the integral to obtain

Aby = 2ra v e V1) +1,(0)] (163)

where ¥ = Sw/ 2mL and Io and Il are Beussel functions of imaginary srgument. Examining
Eq. (163) under sorditions of weak-lne and strong-line absorption, we have for weak-line
absorption ¥ << 1; Eq. (163) reduc:s to

195. P. J. Wyatt, V. R. 5tull and G. N. Plass, "Quasi-Random Model of Band Absorption,”
J. Opt. Boc. Am., Vol. 52, No. 11, 1832(b), p. 1209,
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ABSORPTION

FREQUENCY

FIGURE 28. ABSORPTION VS FREQUENCY FOR A SINGLE LINE
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and absorption is iinear with the optical path length w. Under conditions of strong-line ab-
sorption ¥ is large and Eq. (163) reduces to

AAby = 9@ (1€5)

which 18 known as the square-root approximation. The above derivalions are for a single
spectral line but are also valid for absorption when many spectr: ” lines are present but do
not overlap. Therefore, for the nonoverlapping anproximation the absorption is simply given
by Eq. (163), (1564) or (165), depending upon the value of ¥.

5.2.3 ELSASSER MODEL
The Elsasser mode: of an absorption band is formed by allowing a single Lorentz line to
repeat itself periodically throughout the Interval Ay. This gives rise to a series of lines that
are equally spaced and that have a constant strength and half-width throughout the interval.
This arrangement of spectcal lines was first proposed by Elsasser (1938) and his derivation
is presented here. The absorption coefficient for a periodic band is given by (for n integer):
[ o]

a
k(v) = ; ,S"‘"——'—%'_—[ (166)
1" (v - nd) tap
n= =0

It is possible to express Eq. (166) in terms of an anaiytical function owing to the fact that if
such a function hzs only single poles, it 18 uniquely defined by these poles. Therefore,
Eq. (166) is equivalent to

_8 sinh
k(v) = dcosh B -cos 8 (167)

where 8 = 21raL/d
8 = 2mi/d

If the averaging interval Ap is taken as one period of the band (Ay = 2r), then the average ab-
sorption becomes:

n
A= i‘;L’{ 1 - exp [-wk{8, 8)] } 48 (168)

This integral has been evaluatid by Elsasser to give the general expression for absorption
by an Elsasser band, namely
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’ Y
A = sinh 8 J' 1,(¥) exp (¥ cosh g)d¥ (169)
0

where 8 = 2naL/d

Y = fY¥/sinh g

¥ = Sw/ 2naL

d = mean gpacing between spectral lines

1is a Bessel fanction of imaginary argurnient.

A plot of this function for various values of 8 is given in Figure 23. Because the function in
its present form is difficult to evaluate, considerable effort has been expended comparing
approximate formulae and evaluating the integral. Kaplan [196] has expanded the integral
into a series which is convergent only for values of 8 legs than 1.76. An algorithm for the
Flsasser integral which is convergent for all values of g8 and ¥ is written in a computer pro-
gram used in the calculation of spectral transmittance with the Aggregate Method (see Sec-
tion 7.4). However, it is frequently destrable to work with approximations to the function

which are valid for certain conditions.

5.2.3.1 Weak-Line Approximation

In Figuze 30, the absorption given by Eq. (169) is plotted as a function of the product
BY¥ = Sw/d for four values of 3. It is noted for g 2 1 that the absorption curves become super= "
imposed for all values of . Since the parameter 3 measures the ratio of line width to the
distauce between neighboring lines, 3 2 1 implies that the spectral lines are strongly overlap-
ping and spectral line structure is not observable. Tuis condition correspords to large pres- :
sures which would be realistic for atmogpheric paths at low altitudes. For gz 1, Fq. (169)

can be dpproximated by

A=1-ePY (170)

Further, Eq. (170) is a good approximation to Eq. (169) whenever the absorption is small at
the line centers (small ¥) regardless of the value of 8. Therefore, this approximation is re-~
ferred to'as the weak-line approximation, and is independent of the position of the spectral
lines within the band. Table 19 summarizes the regions of 8 and ' for which the weak-line
approximation is valid with an error of less than 10%,. This approximation is par. .alarly
useful in extrapolating the absorption to small values of ¥ and to large values of pressure.
Note that the weak-line approximation reduces to the linear approximation when the absorp-
tion is small even if the lines overlap.

i
{
i
!
]
}
;
I
188, L. D. Kaplan, "Reglons of Validity of Various Absorption-Coefficlent Approximations,” f
J. Meteorol., Val, 10, 1953(a). ‘
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TABLE 19. REGIONS OF VALIDITY OF VARIOUS APPROXIMATIONS
FOR BAND ABSORPTION*

Statistical

Statistical Model;
Model; All Exponential
Elsasser Lires Equally Line Intensity
Approximation B= ZnaL/d Model Intenge Distribution
Strong-line 0.001 %> 1.63 ¥ > 1.63 lPO >2.4
approximation: 0.01 ¥ > 1,63 ¥ > 163 IIIO > 2.4
0.1 ¥ > 1.63 ¥ > 1.63 Vo > 2.3
1 .Y >135 Y >1.1 tllo > 1.4
1) ¥ > 0.24 v > 0.24 ll/o > 0.27
100 ¥ > 0,024 ¥ > 0.024 ll/o > 0.24
Weak-line 0.001 ¥ <0.20 Y <0.20 . il/o <0.10
approximation: 0.01 ¥ <0.20 ¥ <0.20 Vg <0.10
0.1 Y <0.20 ¥ <020 \la’o < 0.10
1 V<w ¥ <0.23 wo <0.11
10 Y<w Y <o wo <o
100 V<o Y <o tllo <o
Nonoverlapping- 0.001 ¥ < 600,000 ¥ < 63,000 ¥ < 80,660
line 0.01 ¥ < 6000 ¥ < 630 tllo < 800
approximation: 0.1 ¥ <60 ¥ <6.3 lllo <8
1 ¥ <07 ¥ <0.22 \Po < 0.23
10 Y <002 Y < 0.020 \L’O < 0.020
100 Y < 0.002 ¥ < 0.0020 dlo < 0.0020

*When y = Sw/21raL satisfies the given Inequalities, the indicated approxima~
tion for the absorption is valid with an error of less than 109,. For the exponen-
tial line intensity distribution, ¥ = Sgw/2n ay,, where P(S) = 59" exp (~5/8g).
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5.2.3.2 Strong-Line Approximations
Of increasing interest are the long atmospheric paths at high altitudes which give rise to

large values of w and small values of pressure. Under these conditions the absorption at the
line centers is usually complete (large y), the half -widths are narrow, and the lines do not
overlap strongly (small 8). For large ¥ and small 8, Eq. (169) may be approximated by

A=ert (-;-szw) vz (171)

where

eri (t) = --2—r e'tzdt
Vrlo

which is known as the strong-line approximatior to the Elsasser band model. Figure 31 isa
plot of Eq. (169) with abzurplion as a function of 324/. For 8 < 0.01, Eqs. (169 and 171) are
superimposed for [324/ > 0.0003. Clcaily, given small 8 and large ¥, Eq. (171) is a particu-
larly good approximation for representing the absorption wheng s 1. I 8 £ 1, then Eq. (171)
is valid whenever 0.1 £ A 2 1, This includ2s most values of ubsorption that are usually of
interest. This case differs from the square-root approximation in that it is not necessary
that the lines do not overiap. For overlapping spectral lines (larger 8), the values of ¥ for
which the approximation !s valld are simply restricted to large values of . The gpecific
regions of valldity are given in Table 19.

5.2.3.3 Nonoverlapping Approximation

The third approximation to the Elsasser band model is known as the nonoverlapping ap-
proximation. The regtons of validity for the strong-line and weak-line approximations depend
only upon the value of absorption at the ‘requency of the line centers and do not depend upon
the degree of overlapping of the spectral lines. On tho other hand, the only requirement for
the validily of the nonoverlapping-line approximation {s that the spectral lines do not overlap
appreclably. It 1s vallid regardless of the value of the absorption at the line centers. This
approximativn is particularly useful for extrapolating the absorption to small values of w and
small values of pressure which correspund to short paths at high altitudes. Under these con-
ditions Eq. (169) reduces to

A =pv e 1w + ;W) - an2)
\

which is exactly the same expression as that vbts.med for the absorption by a single apechal

J
line. This I8 an expected result, for If the lines do not overlap there will be only one line
that contributes to the absorption 2t a glven frequency.
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1.0 T T
Elsasser f
- Model
% 0.1 0.01 |
[
]
8 “‘f\l .
<
0.001 ) - L "
0.001 0.01 0.1 o 10 100
By =Sw/d

FIGURE 30. ABSORPTION AS A FUNCTION OF
By = Sw/d FOR THE ELSASSER MODEL. The
weak-line approximation is the uppermost curve.

- Constant Pressure
-« Constant Amount
of Absorbing Gas

l.o o e
By =1
z
S o1 — e
E =0.1
:
(111} § W Sy ARy
g By = 0.01
0.001 . . "
0.0001 0.001 001 0.1 1.0 10
pzw. zms\w/dz

FIGURE 31. ABSORPTION AS A FUNCTION OF
B2y = 2nay, Sw/d2 FOR THE ELSASSER MODEL.
Curves are shown for constant pressure {8 =
constaut) and for constant amount of the
abegorbing gas (8Y = constant), The strong-line
approximation is the uvppermost curve.
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In Figure 32, A/B is given as a function of Y. The uppermost curve is the nonoverlapping
approximation. For ¥ << 1, the curve has a slope ol 1 (i.e., a region where the weak -line
approximation is valid) and for ¥ >> 1 the curve has a slope of one-half (i.e., a region where
the strong-line approximation is valid). The region of validity for various values of 8 and ¥
is given in ‘Table 19. :

The general expression for absorption by an Elsasser band given by Eq. (169) and the
strong-line approximation Eq..(171) are useful for determining absorption by 002 since the
bands consist of fairly regularly spaced lines. However, the bands of uzo and 03 have a
highly irregular fine structure and cannot be well described by Eq. (169). To develop an
analytical expression for the transmissivity function for HZO and 03, we must employ statis-
tical methods.

Golden [197] has described an Elsasser regular model using the Doppler shape analog
to the Jorentz line. The reader is referred to the original article for further elaboration.

5.2.4 STATISTICAL BAND MODEL
Let Ap be a spectral interval in which there are n lines of mean distance d.

Ay =nd (173)

Let P(S l) be the probability that the i-th line will have a strength Sl and let P be normalized;
then

0
J.o P(S)ds =1 (174)

We agsume that any line has equal probability of being anywhere in the interval 2. The
mean absorption clearly does not depend upon v provided we are far enough away from the
edges of the interval. We sghall, therefore, determine it for v = 0, the center of the interval,
If we let the center of the i-th line be at Vo = Vp then the absorption coefficient becomes

kl(Sl’ V‘) = k(V = ."l" !'0 = o)

The mean transmlissiviiy Is found by averaging over all positions and all strengths of the

lines; thus

0 o]
T= ( l)nj dl’l Y J' dvnjo p(sl) e-kw(sl P -J‘O p(sn) e.kwdsn
Av) “Ayp Ay

But since all integrals are alike,

197. 8. A. Golden, "The Doppler Analog of the Elsasser Band Model,” J. Quant. Spect. Rad,
Trans., Vol. 7, 1967, pp. 483494,
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n n
11 “kw _ 1 ~kw

T= [A—vjdvjp(s) e ds] = [:1 - AvIvap(s)(l -e )cB]
Since Ay = nd, when n becomes larg= the last expression approaches an exponential; therefore,

T=exp [-%IP(S)(AIAv)dS} : . (175)
where

[A,A4] = I 1 -e* g,

A
v

Al is the absorptivity of a single line taken over the interval Ay.

5.2.4.1 Equal Intensity Lines
Equation (175) can be evaluated for two special cases. First, when all the lines have
equal Intengities Eq. (175) reduces to

-A,Av/d
ree 1 2 exp v ety @]}

Rewriting in terms of absorption, we have -
a=1-em [pve ¥ yw + ) (176)
If each of the lines absorbs weakly so that ¥ is small, then Eq. (170) reduces to

A=1-exp(8Y) ' (177)

This is the weak-line approximation to the statistical model with all lines equally intense.
If the lines absorb strcrgly, then Eq. (176) reduces to

A=1-exp (-2VE;.-.qu7d) (178)
In terms of 8 and ¢,

A=1-exp [—Gﬁzw)l/z] (179)

This is the strong-line approximation to the statistical model in which all lines are equally
intense.

The nonoverlapping approximation to Eq. (176) 1s obtained from the first term in the ex-
pansion of the exponential, so that

A=pv eV [1,W) + 1,(W)] (280)
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This is the same expression as that obtained for the nonoverlapping aporoximation to the
Elsasser model, Eq. (172).

5.2.4.2 Line Strenyth by Poisson Distribution
Next, let us consider the case where the lines are of different strength and the distribu-

tion for the probability of their strength is a simple Poisson distiibution, namely,

s/ Sy

P(S) = s—‘; e (181)

By letting k = Sob(u) in Eq. (175), we obtain (where b(v) is the shape factor):
(1 f bl S d (182)
T=expl< v
d Aul + b vfwﬁo

We now introduce the Lorentz line shape

L
17("2 + a-i

This vanishes fast erough for large Ap that we can extend the integration in Eq. (182) from

b(v) =

- to o, giving

wSOn,
T=e€xp |- = (183)

d‘[aL + (wSoaL)/ n

Rewrlting in terms of absorption and g8 and ¥, we have

A=1-exp [-ﬁtpc/(l + zwo)‘/z] (184)

where 1[/0 = SOw/ 2mL. This is the formula developed by Coody and is therefore referred to
as the Goody band model. '

The weak-line approximation to Eq. (184) is obtalned when Wo << 1. Under these condi-
tions Eq. (184) becomes

A=1-exp(-p¥y) (185)

The strong-line approximaticn to the statistical mode! with an exponential distribution of
lire strengths is obtained when 4/0 >> 1. Under these conditions Eq. (184) becomes

A=1-exp [—(%azw) 1/2] (186)
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The nonoverlapping approximation is obtained from Eq. (184) when the exponent is small
and is therefore given by the first two terms of the expansion, or

A= 3:1;0/(1 + 2%)1/2 (187)

5.2.4.3 Strong-Line, Weak-Line, and Nonoverlapping Approximations

The three approximations to the two statistical models above will be discussed concur-
rently because they are so closely related. First, we shall consider the weak-line approxima-
tion. Recall for this case that absorption was given by A = 1 ~ exp (-8Y¥), which is exactly the
expressi~~ obtained for the weak-line approximation to the Elsasser band raodel. The same
expression results when an exponential distribution of line strengths is agsumed with ¥ re~
placed by wo. This confirms our earlier statement that under weak-line absorption, absorp-

tion is independent of the arrangement of the spectral lines within the band. Absgorption
versus Y is plotted for Eq. (176) in Figure 33. The solid curves give the absorption for the
statistical model for the case in which all lines are equally intense. The dashed curves give
the absorption for the statistical model with an exponential distribution of line strengths.

The uppermost solid and dashed curves represent the weak-line approximations for those in-
tensity distributions. The regions of validity are given in Table 19. For the case in which
all lines are equally intense, the weak-line approximation is always valid within 10% when

¥ < 0.2. It is valid for the exponential intensity distribvtion when ¥ < 0.1. I 19 accuracy
is required, these values of ¥ should be divided ty 10. -

The strong-line approximaticn to the statistical model for all lines of equal strength and
for an exponential distribution of line strengths'-are given respectively by Egs. (179 and 183).
The absorption for these models as a function of ﬁzw is shown in Figure 34. The strong-line
approximation is the uppermost curve in the figure. The absorption can even become greater
than the limiting values given by this curve. It is evident that the distribution of the line
strengths in a hand only slightly irfluences the shape of the absorption curve. As for the
strong-line approximation to the Elsasser model, the strong-line approximation to the statis-
tical model for either distribution of line strengths is always valid wheng =land 0.1 S A= 1.
The complete regions of validity are given in Table 19.

The last approximation to be discussed for the statistical model is the nonoverlapping
approximation. For all lines of equal strength the absorption is given by the expression used
for the nonoverlapping approximation to the Elsasser model, namely,

|

A =pv e V{1, + 1L,(W)) |
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FIGURE 32. ABSORPTION DIVIDED BY 5 AS A

FUNCTION OF ¢ = Sw/2ra FOR TIiE ELSASSER

MODEL. The nonoverlapping-line approximation
is the uppermost curve.
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FIGURE 33. ABSORPTION AS A FUNCTION OF
BY = Sw/d FOR THE STATISTICAL K:CDEL. The
absorption for a model in which the gpectrnl lines
are all of equal intensity ts compared with that
for a model in which the spectral linca have an
exponential intensity-distribution function, The
weak-line approximation 1s the uppermost curve,
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For an exponential distribution of line strengths the absorption is given by Eq. {187}, There-
fore, the strength distribution, but not the regular or random spacing of the spectral lines,
influences the absorption curve in this approximation. In Figure 35, A/g is plotted as a func-
tion of ¥ for the statistical model. Note that if this figure is compared with the corresponding
one for the Elsasser model the nonoverlapoing approximation to the Elsasser model has a
considerably larger region of validity. Thkis is because the spectral lines begin to overlap at
considerably iarger path lengths for the Elsasser model than for the statistical model (cf.

Table 19).

Three important approximations te the band models of Elsasser and Goody have been
discussed above. These three approximations provide a reliable means for the extrapolation
of laboratory absorption data to values of the pressure and path length that cannot easily be
reproduced in the laboratory. For exampie, the absorption for large values of pressure can
be obtained from the strong- and weak-iine approximationg, depending upon whether w is
relatively large or small. For extrapolation to small values of pressure all three approxima-
tions may be used in their respective region of validity; however, the nonoverlapping-line

" approximation is valid over the largest range of values of w. For extrapolation to large
values of w, either the strong- or weak-line approximation may be used, hut the former ap~
proximation is valid over a much wider range of pressure than the latter. For extrapolation
to small values of w, all three approximations may be vsed in their respective regions of
validity; however, the nonoverlapping-line approximation is valid over a wider range of pres-
sure. In general, atmospheric siant paths that are of interest to the systems enginezr con-
tain relatively large amounts of absorber and the range of pressures are such that the sirong-
line approximation to any of the models is applicable. As will be seen in Section 6, almost
all researchers use the strong-line approximations to the various band models to develop
equations for predicting absorption over a specified frequenéy band.

5.2.4.4 Exponential-Tailed 8™} Random Band Model

More recently, Malkmus [198] described a model comprising a line strength distributicn

which is defined by

ot em ()]

where SE is fixed in the expressions

;‘_‘_‘6 [(W/a)/w] =Sg/dg

198 W. Malkmus, "Random Lorentz Band Model with Exponential-Talled 81 Line-Intensity
Distribution Function,” J. Opt. Soc. Am., Vol. §7, No, 8, 1967, pp. 823-¥20,
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=
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o 82 y/ - = Exporiential Intensity Distribution,
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BZW = Ztal_‘Sw/d2

FIGURE 34. ABSORPTION AS A FUNCTION OF
BZ\P = 20y, Sw/d? FOR THE STATISTICAL MODEL.
Curves are shown for constant pressure (8 = con-
gtant) and for constant amount of the absorbing
ges (By = constant), The absorption {8 chown when
all the spectral lines have equal intensity and when
there is an exponential intensity-distribution func-
tion. The strong-line approximation is the upper-
most curve.
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FIGUPE 35. ABSORPTION DIVIDED BY 8 AS A
FUNCTION OF ¥ = Sw/2ncy, FOR TEE STATIST-
ICAL MODEL. The atsorption for a model in
which the spectral lines are all of equal {ntensity
i3 compared witb that for a moc:i :n which the
spectral liner have an exponential intersity-
distribution function. The nonoverlapping-line
approximation {8 the uppermost curve.
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and
o (w2 = 2(sga)V %o
where .

W/d=-fn Tap

The resultant transmittance is given by:

2
L exp{-—a—EI—‘-[‘l + SEw/afL)l/2 - 1]} (188)

= exp {-li"g—[(l + 21nI/E)l/2 - 1]}

5.2.5 RANDOM ELSASSER BAND MODEL

At small values of ¥ the same absorption is predicted by the gtatistical and Elsasser
models, a2nd is determined by the total strength of all the absorbing lines. However, as ¢ in-
creases the results calculated from these two models begin to diverge; the Elsasser theory
always gives mere absorption thar does the statistical model for a given value of Y. The
reason for this is that there is always mofe overlapping of spectral lines with the statistical
model than with the regular arrangement of lines in the Elsasser model; thus, for a given path
length and pressure, the total line strength is not used as effectively for absorption in the
statistical model.

An actual band has its spectral lines arranged neither completely at random nor at reg-
ular intervals. The actual pattern is formed by the superposition of many systems of lines.
Therefore, for some gases and some spectral regions the absorption can be represented
more accurately by the random Elsagser band model than by either the statistical or Elsasser
model alone. The random Elsasser band modei is a natural generalization of the original
models which assumes that the absorption can be represented by the random superposition of
Elsasser bands. The individual bands may have different line spacings, half -widths, and
strengths. As the number of superposed Elsiisger bands becomes large, the predicted absorp-
tion approaches that of the usual statistical model.

The absorption for N randemly superposed Elsasser bands with equal strengths, half-
widths, and line spacings is given by -

/2N
A=1- [1 - ert (-;—32¢//N2) ]
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The derivation of this equation and the more general equation for different strengihs, half-
widths, and the line spacings is discussed in detail by Plags (1958). The more gereral result
is not presented here since the result given above is the only function whici has received
application,

5.2.6 QUASI-RANDOM MODEL

The fourth band model that has been developed, Ref. [199] and Wyatt, et al., (1962)—the
quaal-random. band model —reportedly presents a more realistic model of the absorption
bands of water vapor and carbon dioxide. It does not require that the lineg be unifor iy nor
randomly spaced, but can represent any type of spacing waich may occur. It also a::urately
simulates the strength distribution of the spectral lines including as many of the weakey lines
as actually contritute to the absorption. Furthermore, it provides a meansg of accurately cal-
culating the effect of wing absorption from spectral lines whosge centers are outside the given
frequency interval. The quasi-rardom mode} allows for more accurate prediction of absorp-
tion than do the other three models but gacrifices simplicity in the process. When this model
I8 used the general transmissivity function cannot be expressed in terms of elemen’ary func-
tiors. Moreover, to determine accurate absovptior spectra by this method, a priori knowledge
of the band structure is8 required, as it is in the rigoroug method.

The quasi-random model is characterized by the following fe2tures:

(1) The frequency interval Ap for which the transmisgsion is desired is divided into a set
of sublnterva‘ls of width &, Within the small interval 8 the lines are assumed to be arranged
at random. The transmission over Ay >> 8 ig then calculated by averaging the resulis from
the smaller intervals.

(2) The Interval Ay is divided into subintervals 8 in an arbitrary manner. The trangsmis-
sion is first calculated for one megh, which defines a certain set of frequency intervals. The
caleulatiot != repeated for another me<h which is shifted in frequency by 6/2 relative to the
firgt get. In principle, u.. . ~h can be shifted . times by an amount §/n. The final calcuala-
tion {~ _en the average Jf the resuii. fnr each of these meshes.

(3) The transmlission fo. e~ . gubinterval & is calculated {rom expressions which are
valid for a finite and posaivi, small number of spectral lines in the interval.

(4) The spectral lines in each frequeacy interval are divided into une-strengthv sub-
groups which are fine enough to simulate the actual strength distribution. Fn the calculation,
the average strength cf all the lines In eack subgroup is used with the actual number of lines.

199. J. L F. King, "Band Abscrption Model for Arbitrary Line Varlance,” J. Quant. Speet.
Rad. Trans., Vol ¢, 1564, pp. 705 711,
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{5) The contribution from the wings of the spectral lines whose ¢2nters are cuiside 2

giveh interval is included. The wing effect is treated in the same detulled manner used for

evaluating the contribution from the lines within an intsrval.

Let us consider one interval ék of a given mesh. If there are . lines in the interval

with their line centers at the frequencies v (i=1,2,..., nk), then the transmissicn at the

i
frequency v is affected by these n, lines so that

n
r
-rr(v) = —:—rgjb exp [-wk(v, v))] dy; (189)
5 r

where w is the amount of absorber and k(y, Vi) may be expresced as k(y, l"i) = Sib(u' Vl)' The
quantity b(y, Vl) is the line-shape factor (Lorentz, Doppler, ete.), and 8, is the strength of the
i-th line. ™he transmission is calculated at some frequency v which for convenience is
usually take~ at the center of the interval 6r. Since this transmission corresponds to the
average of all permutations of the positions of the spectral lines within the interval, it is
also assumed to represent the most probable transmission for the interval.

To be completely rigorous the transmission of each spectral line shou’d be calculated
from its intensity and position and then substituted into Eq. (183). This procecure would re-
quire a computation time analogous to that required for the rigorous method and hence would
de’oat the purpose of employing a band model. Thus, a method is used which simulates the
actual strength distribution.

»
The procedure adopted for line-strength simulation is to divide the lines in each frequency
interval Into subgroups by intensity decades., When the line strengths are calculated, the re-
sultg are grouped according to these strength decades. The average strength §i of the lines

in e2ch decade is then calculated.

Wyatt, Stull, and Plass (1962a) have fouad that only the first five etrensth decades for
each frequency interval {nfluence the value of transmigsion. Thug only the data for the five
atrongest streungth -decades need be retained for each frequency interval, 1t ghould be empha-
sized that the numerical range of the line-gtrength decades retained is quite different for a
frequency interval which contains strong lines than for one which hag weak lincs. The cri-
terion is applied geparately to each frequency interval.

Thus, the transmission can be calculated by the followiny eguation from the average

value of the s*rength .‘7}" together with the number of lines n in each line-strensth decade:

/1 -é—iwb(v, v;) "
Tr(u) = J_\K . e dvl | (1920)
© =1 r
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The number of lines n in the frequency .nterval is given by

n_ =2int (191)

Equation (190) represents the trangmission at a frequency v for the interval 6,.as affected by
o, spectral lines whose centers are within the interval 6r‘ The integral in Eq. (180) repre-
sents the transmission over ‘he finite interval 61_ of a single line representative of the aver-
age strength of the decade.

The transmission at a frequency v is also influenced by the wings of the gpectral lines

whoge centers lie in intervals outside the interval & , denoted by & i The wing transmission,

k’
Ty from each of these intervals 61 is calculated by assuming a random distribution of the

lines within the interval Ol. Thus, by the random hypothesis, the transmission at the frequency

v I8 the product of all transmissions calculated for the lires with centers in intervals, outside
Ok’ taken with the transmission for the interval bk. Therefore

1) = I?Iq(V) (192)
i=1

where the gubscript | indicates that there are n lines in the frequency intervai 61' The trans-
migsion for the lines whose centers are in the interval 61 are given by Eq. (190). The lines

in distant intervals from the particular frequency v have a negligible effect on the transmis-
sion, so that {n practice the product (Eq. 192) usually needs to be evaluated over only a few

terms.

It is clear that the quasi~iandoi. model can reproduce the actual llr;e structure fairly
accuriitely if the chosen interval Gk is small enough. However, the gsmaller the interval the
greater the amount of computation required. The tradeoff between the two has not been dis-
cussed by the authors, but such an investigation would indeed be of interest since any partic-
ular application has a tolerable error which might be used to est=hligh the frequency interval
and hence the degree of computation.

5.2.7 TEMPIRATURE AND FREQUENCY DEPENDENCE OF BAND-MODEL
\ PARAMETERS

A summary of ‘he band modcls that yield ciosed-form expressions for spectrat-band ab-
sorption is presented in Table 20. All of these expressions are functiois of two parameters,
8 and ¥, which are functions of temperature, pressure, absorber concentration, and frequency.

Recau that
\
|
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TABLE 20, SUMMARY OF CLOSED-FORM EXPRESSIONS
FOR SPECTRAL ABSORPTION

Band Model hpproximation
1. Single Lorentz Line None
2. Single Lorentz Line Linear
3. Single Lorentz Line Square Root
4. Elsasser Band None
§. Elsasser Band Weak
6. Elsasser Band Strong
7. Statistical Band (Poisson) None
8. Statisticual Band None -
2. Statistical Band (Poisson) Weak
10. Statistical Band Strong
(Polsson and eqvral)
11, Statistical Band Strong
(equal)
12. Exponential Talled s Strong
Statistical Band
13. Random Elsasser Band Strong

Sw

Equation*
=L amey e VW) + )
A = Sw/Av

A= 2 VSULW;AV

A = ginh B JXIO(Y) exp(-Y cosh g)dY
0

A=1-¢P¥
A= ert (16%) v

A1 exp [-puyt + 29V
A=1-exp - fpw ¥ + 1))

A=1-ePV

A=1-exp [f (2 Bzw)l/z]

F;
A=1-exp {__’;g_ [(1 + sz)l/z-l]}

A=1- [1 - erf (%324«/14"') 1/ 2]“

so¥

* With appropriate subscripts: £ = 2”;1‘ V= Zrag V=3, ay where (see text)

8 = {ine strength
oy, = Lorentz-line half-width

d = (mean) line spacing
w = absorber amount

(For Yy, BE, see Section 5.2.4.4.)
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including the dependence of line half-width on pressure and temperature. Also, the line
strength is a function of temperature and frequency and is given in Section 4 as:

T,\™ T, -T
0 E(v)"[ "0
8= So(‘;i,—) exp [" ;‘ (—71‘—1.;-)]

where So is the line strength at standard temperature ind E” is the ground-level energy of a
given gpectral line. Because E" varies from line to line, the variation of line strength with
temperature is different for each gpectral line. As the temperature decreases, the line
strengths near the center of the band increase and the line strengths in the wings of the

band decreases; the area under the curve decreases slightly. If two homogeneous paths having

different temperature were compared, the integrated absorption for the lowr temperature
path would be less than the integrated cbeorption for the higher temperature path. Drayson
(1964) has shown that for two identical slant paths having temperature profile: that differ
by a constant amount of 10 K the iransmission varies as much as 10%, in the wing of the band
and sonewhat less nearer the center of the band. He also concluded that the effec. of temper-
ature on line half-width has a secondary effect on transmission.

Since the varlation of line strength with temperature is different for each gpectral line,
it would be iripossible to Include the effect of temperature cn line strength and stiil retain
the band-model expressions in closed form. For this reason, the band-model expressions in
their preseat form can be used only to predict absorption for homogenecus paf \s that are at
atandaid temperature. Further, gince Drayson (1864) has shown that the effect | tempera-
turc on line half -width has a secondary effect on absorption, this deperdence is neglected
also. Therefore, if we let T = To, the expressions for 8 and ¥ become

2ra 21a®
10 P 1.0
8= 4 Pp-- 4 P (193)
0
and
S.w P
0 0 S w
lp = ———= n (194)
Zuam P 3""&) P

where af‘o s the half-width at standard temperature, per unit pressure.
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The expressions listed in Table 20 are of the following general form:

(1) A=AQ, tPj when no approximatin to the model is assumed
(2) A= A(ﬁZW) for the trong-line approximation
(3) A = A(BY) for the v.eak-line approximation.

Substituting Eqs. (193) and (194) into 1, 2 and 3, we have the first expression as a function of
two frequency-dependent parameters, ngo/ dand S/ 2”“?_,0' and two path parameters, w and
P. The second expression gives absorption as a furction of one frequency-dependent param-
eter, 2110108/ d2 and two path parameters, w and P. The last is a function of S/'4 and w, being

Independent of pressure.

The next problem in completely specifying the absorption expressions is that of evaluating
the frequency -dependent pararaeters by empirically fitting the respective equations to labora-
tory homogeneous absoi-ption spectra, The empirical procedure is the most inv.lved when no
approximations to the model are assumed, since in this case two parameters must be evalu-
ated, rather than only one for both the strong- and weak-line approximations. After the
frequency-dependent parameters have been specified and the values of w and P have been
determined for a given slant path, it becomes a simple matter to generate absorption spectra.

5.2.8 DETERMINATION OF BAND-MODEL PARAMETERS , : )
Band models are used to avoid the explicit use of line parameters in the calculation of j
atmospheric transmittance. But since all band models are formulated in terms of certain \
parameters, these bparameters st be obtained by eventually using the real line character- ;
istics of the absorbing moleculeg, either by the use of the results of . “»oratory experiments, ’
or through an examination of a set of compiled line parameters. l

5.2.8.1 Empirical »
In the purely empirical approach to tae determination of band parameters, cne does not

usually have access to the two important line characteristics, & and op, to be used in band
model calculations. Instead we must obtair implicit representations of them graphically in :
terms of experimentally produced data, i.e., the absorptance over a predetermined spectral
region, A\ or Ay; the absorber amount; anc the appropriate thermodynamic parameters. An
excellent account of an empirical method of the determination of band parameters is given in
the original state-of-the-art report by Anding (1967), derived from the work of various autho=s.

Bince the method is as valid now as it was then, and because of its importance to this subject, j
the steps showa by Anding are reproduced here.

The theory of band models is reasonably well delined and the resulting functions should
be capable of specifying spectral absorption to a good approximation if, first, the conditions
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inherent in the band-model development are satisfied, and second, rigorous empiric?® pro-
redures are applied to hizh-quality laboratcry homogeneous-path data to specify the absorp-
tion constants.

The first conditional restrict'sns are satisfied by most atmospheric slant paths of inter-
est. Therefore, it seems hopeful that usablie {rangsmissivity functions could be developed if
the second procedural restrictions are satisfied.

Oppel (see Anding, 1967) has postulated and employed certain rules for selectln{; labora-
tory data and performing an ewnpirical fit. His approach is sound and is analogous to that
suggested by Plasge [200]. Hence, the methods of Oppel are thoge which are recommended
for the determination of the spectral absorption constants and are stated below.

It has been found by most researchers that thie quality and the reduction of the laboratory
data have constituted the most critical step in determining the absorption constants. In order
to insure satisfactory results from an empirical fitting procedure the following rules snhould

he observed.

(1) The data . a5 d be consistent from one run to arother; that is, all runs for a particu-
lar gpectral interval :would have the same resolution and spactral calibration. The absolute
‘ spectral calibration is not nearly as important as the relative spectral position from run to
run, because the abeorption constants can be determined for rciative frequency units. Also,
the spectrum can later be shifted if necessary.

(2) Only data with absorption hetween 5% and 95% should be used. Usually the data for
very high or very low absorption values are questionable because of the uncertainty of the 0%,
and 1009, levels, and relatively small differences may have an inordinately great effect on the

determination of the unknown parameters.

(3) It is desirable to have spectra obtained over a range of paths and pressures which is
wide enough that the function can be properly fitted to the data. Ideally, for each frequency,
one would like to have data which would give absorptions between 5% and 95% ard which in-
clude the following conditions:

{a) Pressure and abscrption path are sufficiently small that there ig neglig-
ible overlapping of the spectral lines.

(b) Pressure is high ond absorption path is small 8o that there s beavy over-
lanping of the spectral lines.

296. G. N. Plass, "Useful Reprenentations for Measurements of Spectral Band Absorption,”
J. Opt. Boc. Am., Vol. 50, 1960, pp. 68-875.
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(c) Pressure is low and absorption path is large so that the spectral lines
are opaque at their centers and the trangmigsion is achieved only in the wings of
the lines.

(4) Measurements for which pressure gelf-broadening is predominant, that is, where the
abso’fblng-gas pressure is an appreciable part of the total pressure, should be discarded.
This is necessary since self-broadened spectral lines need not be evaluated under real atmo-
spheric conditions.

(5) In general, better results are obtained if spectral frequencies are selected at which
absorption achieves a local maximum, minimum, or inflection point. Thus, the absorption
constants shculd not necegsarily be gelected at unifurm intervals but for spectral positions
that are more easily measured. It has been frequently observed that published spectra are
hand-plotted and that their author will tend o be more exact on the maxima. minima, and in-
flection points than he will be on any other part of the curve.

Atmos;':heric paths that are of greatest interest to the infrared researcher are long paths
through an atmosphere of relatively low pressure. Such paths give rise to large values of w
and small values of equivalent pressure P. The dominant spectral lines, those which account
for 95%, of the absorption, are opajue at their centers but do not display a significant amount
of overlapping. Therefore, for such paths g 1s small (8 < 1) and V¥ is large (¥ >> 1), and the
strong-line conditions are valid. 1t is noted that strong-line absorption must be present for
an atnun spheric path to be reduced to an equivalent homogeneous path. For these reasons
most n ‘waschers agsume that absorption 18 represented by the strong-line approximation,
A= A(ﬁ“vf.. s:a. ~ <irically fit this function to laboratory data. If the data used do not satisfy
strong-line absorpu..  nditions when such a procedure is used, erroneous constants will be
determined.

After selecting the laboratory homogeneous-path gpectra according to the above rules,
and the appropriate model for representing absorption for a given absorption band, one has
the proper foundation for periorming an empirical fit which will yield a valid closed-form
€XPICen.ue susd p. Suacdng absorption for other homogeneous paths.

~ Baslcally, the absorption coefficients are determined by minimizing the gums of the

squares of the errors between measured and calculated values of abscrption. Before the least-

squares iteration can begin, an initial estimate of the two parameters 2ua°L0/d and

s/ 2110;0 must be made. The method of determination and the accuracy of these initial param-
eters does not affect the final accuracy except that poorly chosen estimates will considerably
increase the iteration time. The method suggested is based on the fact that the three approx-
imations to the Elsasser integral described in Section 5.2.3 always show greater abgorption
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than that given by the complete Elsasser integral and approach the complcte expression in =

limit. This mcthod can be dezcrited as follows:

(1) Three master graphs are drawn on log-log paper. The first graph (Figure 36), is a
plot of Beers' law, given by

A=1-exp(8Y); W-“—‘i

The second master gragh (Figure 37) gives the strong-line approximation to the Elgasger
integral:

1/2 a S
= erf l: ;— ) ]; lel/ = ,)_O_WP
' d”

where aio = aLO/PO, and Po Is stardard sea-level pressure. The third master graph (Fig-
ure 38) gives the nonoverlapping-line approximation:

A = UL + 1, (V)] exp (-¥)

2‘:0'
B=—2p,p= 5 ¥
oo

(2) Three working graphs are plotted for each spectral frequency for which absorption
constants arc to be determined.

(a) In the first working graoh (Figure 39) fractional absorption A is plotted as
a function of the absrorption pith w (atm cm).

(b) The second graph (Figure 10) gives fractional absorption versus absorption
path times effective broadening pressure wP (a’m cm X mm Hg). Note: P =P+
(B - 1)p, where P, is the total pressure of the gas mixture and p is the parua.l
pressure of the absorbmg gas.

(c) The third working groph (Figure 41) is a plot of the ratio of fractional ab-
soryition to effective broadeninz pressure, A/Pe {(inm Hg-l) versus absorption path/
effective broadening pressure w/Pe (atm cm;, ' mm 1),

(3) The gix graphs are now paired off in the following order: Figure 36 is superposed
over Figure 33, Figure 37 over Fi-ure 40, ard Figure 38 over Figure 41. With A good spread
of data, it now bocomes apparent that the geveral approximations are limiting functions and
all points on the graphs will fall bolow the Himlt ng curve. Figure 36 is adjusted in the w di-
rection, until o1l plotted polnts of I~ 33 fall below nrd to the right of the curve down on
Figure 83, Tius, the curve of T iz 55 forma the liraltin Z continuum for the points of Fig-
ure 39, The relatlve positions vizld {he a-srentmate value

o a
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FIGURE 37. STRONG-LINE APPROXIMATION
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Similarly, Figure 37 is superposed over Figure 40 and adjusted along the axis until the
limiting continuum is found, yielding the approximate value "‘

(Zargs {gzw)
d2 wPe
The third pair (Figs. 38 and 41) can be adjusted in both directions to give approximation
to two parameters:

(5).%

d )" @B

and

EARE

The three plots indicated above are not all necessary if sufficient data are available,
since only two constants, azo/d and 8/d (Note: S/a‘l"0 = (S/d)/ (a:o/d)), are necessary to
evaluate the Elsasser integr2]; however, experience has shown that sufficient spread of data
is usually not available to adequately construct all of the graphs. For this r'eason, the best “
graphs should be chosen. In the event that the nonoverlapping approximation gives a good
continuum, then it may be used alone for both approximations to the unknown parameters.

At this point it is assumed that the initial estimates of the parameters have been inade
and the laboratory data have been properly chosen. Beginning with the first estimates, the |
absorption is caiculated for each value of absorber cancentraticn and each value of equivalent
pressure and compared with the measured value. The parameters are adfsted until the ’
sums of the squared resicduals between computed and measured absorption values are i
minimized.

A computer program has been written by Baumeister and Marquardt and distributed as l
a SHARE program {201]. This program, when coupled with the Elsasser-model algorithm,
will optimize the parametors for the Elsasser function.

The procedure described above is that which can be used when fitting the complete
Elsasser integral to laboral,ry data. It ts emphasized that §f the strong-line or weak-line
approximation to the Elsasser model 18 used to represent atmospheric absorption, then the
laboratory data must be such that these conditions are satisfied. This can be determined by
using the initial estimates of ﬁaga/d and B/ 2’“’:‘0 and the values of w and P to calculate g
and Y. Theae results can then be compared with the values in Table 20,

201. Baumelster and Marguardt, Lenst-Smnres Bctimetion of Non-Linear Parcmeters,
SHARE Prof vam No. 1433, FORTRAN Program, IENM.
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A completely analogous procedure can be used when fitting the Goody model to a set
of laboratory data. That is, all three equations should be fitted to the data to obtain a set of
frequency -dependent parameters. Parameters obtaired in this manner will give valid results
whether the absorption is strong, weak, »t of some intermediate value.

Empirically fitting 2 band-model exprersion to homogeneous data generates coefficients
that represeut the best value for all avatlable data. The absorption constants then do not ac-
tually represent the strengths, widths, and spacings of the gpectral lines but can be inter-
preted as a set of lines giving equivalent ahsorption. It c*. be expected that calculations
should be satisfactory for conditions bounded by the laboratory data. However, for extreme
cases the results may be rather poor. It is difficult to theoretically analyze the accuracy
with which a band model can be used to predict absorption, so the approach to be used here
is simply to compare the results with field measurements.

It is important to emphasize here that the results of empirical fitting are only good for
the temperature at which the data were taken. Problems arise, for example, when one attempts
to apply room-temperature data to the cold atmosphe re without making appropriate corrections.

5.8.2.2 Use of Line Data

Since the line parameter data (see Section 4) are now availstle, it is aseful to take the
approach suggested by Goody (1564, Sectiun 4) and sum the lines {n the spectral region of
interest in the following special procedure. Goody shows that with the incorporation of line
parameter data, the band~model parameters ¥ and 8 can be obtained for different models
using Lorentz lines. For the statistical model with an exponeniial distribution of line strengths,
the following equations hold:

(195)

(196)
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where the spectral region of coverage Av, containing N lines with strengths S and half-
widths aL These line strengths and half-widths can be obtained, for example from the
AFCRL compilation of line parameters [McClatchey et al., 1972]. See Section 4.

If the distribution of strengths falls ofi less rapidly than exponentially, but instead, in-
versely as S, then according to Goody the equations take the form:

(187)

(198)

Goldman and Kyle [202] have calculated band model parameters for calculating transmit-
tance in the 9.6 um ozone band and the 2.7 um water vapor band using an ex yonential tailed
S.l line strength distribution in the statistical model in the form:‘

Th, = €% - (2::13 }{[1 . zn(;"‘;)w]l/z - 1}) (199)

RI-"-= exp - (ﬂope/w{[l + 21y] 12 -1}

L is the path length inem
p is the partial pressure of the absorber
Pe is the equivalent total pressure given by Pe = P + (B - 1)p where P is the total pressure of
the gas mixture and B is a self-broadening coefficient for the absorber.

For this model Goldman and Kjle calculate the band model parameters for the exponential

tatled s~} gtatistical model from:

*Note that this corresponds to 7 = exp {-g8p/r[(1 + 2:\!/13)1/ 2. 1]} as formulated by
Malkmus (1263). See Expression 12 in Tabile 2%

202, A. Gol!man and T. G. Kyle, "A Comparison Between Statistical Modal and Line-by-
Line Calculation with Application to the 9.6u Ozone and the 2,7 Water Vapor Bandg,"
Apzl. Opt., Vol. 7, No. 8, 1863, pp. 1147-1177. _
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(200)

(201)

Following from this, the average value of S/d (the average absorption coefficient) in Ap is:

=isi/Av , (202)

i=1

=91

No other formulations of this type have been found in the literature, although it would be
=*ralghtforward to apply the Goody technique to other models, as long as the weak- and
strong-line approximations can be determined. The expressions related to the Elsasser
model are trivial, inasmuch as the lines are regular and of constant strength.

5.2.9 THE CURTIS-GODSON APPROXIMATION

In all band-model calculations, the transmittance is calculated for a path containing a
fixed concentration of absorber at a fL.ed temperature and pressure, so that the path is homo~
geneous. These values are usually stardardized to sea-level conditions under standard tem-

tions are known (or can be obtalined), the adjustment of conditions to meet standard criteria
can be made, 3¢ that calculations of transmittance can be made for any altitude in the atmo-
spliere as long as the path remains homogeneous. Wlien the path traverses the vertical, the
atmospheric paramcters change with altitude, causing line-parameter changes, and thus cre-
ating probleras which usually must be attacked by the use of approximate methods of calcula-
tinn. In this case, to keep calculations within reasonable limits, it 15 necessary to attempt to
find equivalent, or effective, values for the atmospheric parameters which affect the passage
of radiation under these pseudo-homogeneous conditions in the same way as if it were tra-
versing a real, slant path. The method uzed to find these effective parameters is called the
Curtis-Godson (CG) approximation,
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5.2.9.1 Calculation of the Two-Parameter Approximation

Goody (1964) callg this the two-parameter approximation iz contrast with the one-
paramcter or scaling approximation in ‘which only w, the amourt of absorber, in gm/ cm2 {or
equivalent), is scaled in the form:

AP sw . ’ (203)

where n, f, and P are assigned fixed standard (average) values, and ;, the effective absorber
amount, is the sqle adjusted parameter.

The two-parameter approximation requires that there be two conditions u.der which the
transmittance may be calculated, these being th_e strung-line and weak-line lim’:s of the band-
model calculations. The calculation of the average transmittance over Ay ig:

- 1 2 : ‘ aLisi
T=-— dvexp| -§dw
Ay N '{(V - yl)z 2
Ay

, 2 ..
The summation is taken over all lires in the irterval, Av. In the gtrong-line limit ul"l in the

den>minator may actuaiiy be neglected since, for this case, the absorption all takes place in
the wings of the lines for which y - v; >>a;. Instead, however, the {more accurate) approach

is taken in which a; is substituted for a; in the denominator, the value a; being an efiective

i

(204)

width (see Eq. (210)), so that

@, §
1 i
TEa, dv exp aw 5 =3 , (205)
- l]v-v‘) +a,I
. . .aut;l " 'I .

-

The weak-line approximation to 7 truncates the infinite series representation of the expanen~
tial so that:

;gsl; alt - |aw (203)

Ay

which, because Ay >> ; » 18 approximated by:

8 dv ay

& 1 1 . 207}

75 1- ‘T Av dw :——Si ( )
(u v) +a av o

This straightforward treatment is taken directly from the bock by Goody in which he next egustes
Eq. (207) to the weak-line approximation of Eq. (204), given by:
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z.1.-L
T=1 Ay ‘“’Zst (206)
i

so that, since o /Et = P/P,
i

[dWPS
. ] Zi:i

P=" (209)
AN
J v, S
i
dwaL‘ZSi
Note also that: o = L 1 {210)

a) s,
i
where P is the Curtis-Godson {CG) equivalent pressure. This pressure aiong with a scaled

strength Si and scaled absorber amount w can then be uged in a homogeneous-path calculation
of 7 to give:

- 1 ~ ;lgl
TE - dvexp | -w - . (211)
Ay v - )2 . 2
Av i i vey roy

from which, by comparison with Eq. (205), Goody shag that the scaled absorber amount is
determined by:

deB‘
J i
23 |
1

where §‘ is evaluated at some ~verage temperature, 'f'l. .

w = (212)

Goody argues that, although the derivation was made using a Lorentz shape, the approxi-
mation is good for a variety of shapes, and furthermore, for any model, regular or random.
A comparison of the approximate optical depth for an atmospheric layer in which the pressure
varies from P to 3P, with thut from an exact calculation is given in Figure 42. \
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(¥

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
v/a

FIGURE 42. OPTICAL DEPTHS FOR A LAYER IN A MIXED ATMOSPHERE WITH
Pl = 3P5. The broken line is an exact computation of the optical depth and the full
line uses the Curtis-Gedson approximation.
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5.2.9.2 Critique of the CG Approxim.:tion

Other approxtmations have been presented for specitic investigations, e.g., Yamamoto
and Alda [203), Yamamoto, et al. [204], Ellingson (1972) (sce Section 7.1, this report), Rodgers
and Walshaw (1966), and others. It is beyond the scope of this r¢ge rt to pursue any further
detall in the mtufe of thege calculations. The reader is referred to the original documenta-
tion on these studies as well as to the original work of the authors of the CG approximation

{205}, [2v6].

Several critiques of the methods of approximation, in addition to that by Goody (1564),
have been reported, amony which are Ludwig, et al. [207], Kyle (1968a), Drayson (1967),
Kaplan [208], Weinreb ard Neuendorifer [2G9], and Goody [210], who cites the original approx-
imations of Van de Hulst [211] which predates the work of Curtis and Godson. “

A particularly interesting and pertinent discussion of the CG approximation is to be found
in a paper by Armstrong [212], in which e expands the expression for the oplical depth
around a polint in the region between iwo pre - wre levels, l»"1 and ?2' and between which the
transmittance is to be calculated. We note that if the hydrostatic approximation can be as-

sumed in the region of the ‘:alculation, then:

-gpah_dz = dpP (213)

203. G. Yamamoto and M. Alda, "Transmisslon in a Non-Homogeneous Atmcsphere with an
Absorbing Gas of Constant Mixing Ratlo,” J. (rant. §pec. Rad. Trans., Vol. 10, 1970,
pp. 593-608.

204. G. Yamamoto, et al., "Improved Curtis~Godaon Approximation In a Non-Homogeneous
Atmosphere,” J. Atmos. Sci., Voi. 29, 1972, pp. 1150-1155.

205. A. R. Curtis, "Discussion of Goody's 'A Statistical Model for Water-Vapour Absorption',"”
Quart. J. Roy. Met. Soc., Vol. 58, 1952, p. 638.

208. W. L. Godson, "Spectral Modela and the Properties of Transmission Functions,” Proc.
Toronto Meteor. Cond., 1953, pp. 35-4%.

207. C. B. Ludwig, W. Malkmus, J. E. Reardon and J. A. L. Thomyon, Handbook of Infrared
Radiation from Combustion Gases, NASA Report No. 8P-3030, Marshall Space Flight
Center, 1873.

208. L. D. Kapl w», "A Method for Calculation of Infrared Flux for Use in Numerical Models
of Atmospheric Motion," The Atmosphere and the Sea in Mation, The Rocksfeller
Institute Press, N. Y., 1059, pp. 170-177.

209. M. P. Weinreb and A. C. Neuendorffer, ""Method to Apply Horaogeneous-Path Trans-
mittance Models to Inhomogeneous Atmospheres,” J. Atmos, Sci., Vol. 30, 1973,

Ppp. 662-866.

210, R. M. Goody, "The Tranamission of Radlation Through an Inhomogeneous Atmosphere,”
J. Atmos. Scl., Vol. 21, No. 6, 1864(b)}, py. 575-581,

211. H. C. Van de Hulst, "Theory of Absorption Liner in the Atmosphere of the Earth,”
Annales d'Astrophys., Vol. 8, 1945, pp. 21-34.

212. B. H. Armstrong, "Analysis of the Curtia-Godron Approximation and Radiation Trans-
misaslon Through Inhomogereous Atmorpheres,” J, Jitmo.. 8cl., Vol. 35, 1868,
pp. 312-322.
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where g is the accelerz!t on of gravity, Pair is the air densiiy, and P is the total pressure of '
the stmoesphere at z. Since . Incremental path, ds, which a beam traversez can be written
ag dz/p (where u = cos §), ‘Le optical depth in terms of the mass abgorption coefficient '
k(v, 8) I8 (butween points 8y apd 5).

qiv) =Ik(v. s)dw = '[:zk(u, s)pds = I ?‘k(v, z)
1

p alr

= "'j zk(vp Z)M(Z)Pu

where p = gas density aad M(z) = mixing ratio and using Eq. (213),

P -
QW) = —‘—I 2e(v, PYM(P)dP (214)
gu p‘ ’

Wwriting k(r, P)M(P) = S(P)b(y, P), where b is a line ghape factor, we have:

p
-(v) = EIEJ’ Zo(v, P)S(P) P (215)
P ‘

1

Expanding b(v, P) in a Taylor series around a pressure P', between Pl and P2' there resuln
from Eq. (215):

P P '
1 52, db 20 o
~a) = 2o fbl, P)Jp:h(P)dP + d__p,p'jpl (P PV)S(P)dP

l

2 ')zs(P)dp oo (216):

i

Considering the 2nd and higher derivatives as small with respect to the {first terms, the
value of P’ to be used in the first term as the equivalent homogeneous-path pressure is deter
mined by choosing P’ s0 that the second term is zero. This leads to: i

P
I Z5(p)pdp
P |
A (217);
[ 2s(p)ap
upl
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which, one should note, is equivalent to Eq. {209) for a single line, the CG pressure. The
form of Eq. (216) leads one to speculate what corrections cne can make to the CG approxima-
tion by not ignoring the higher order terms. The approach is taken by Armstrong in a rather
complete assessment of this and other approximations, including integiation by Gaussian
quadrature. The reader is referred to th2 paper by Armstrong (1968) for a complete discus-

slon of this subject.

Except for directly integrating Eq. (£14) through the path, which is usually not done be-
cause of the complexity of the computation, the CG approximation, or adaptations of it, is
essentially the chief one used in the models which have had greatest exposure to the user.
As stated above, there have been many examinations of the confidence with which one may
use the CG approximation (see, for example, Fig. 42). Armstrong has plotted the percent
difference between the exact calculation and the CG approximation evident in the curves of
Figure 42. This result is reproduced in Figure 43, along with the corrected CG approxima-
tion obtained by taking into cousideration a correction term in the Taylor expansion of the
absorptance. Included also is the result obtained by applying Gaussian quadrature to the in-

tegral representing the optical depth.

5.2.9.3 Summary

The Curtis-Godson (CG) approximation seems to have withstood the test of hundreds of
applications, which has made it the basis of nearly all calculations of atmospheric transmit~
tance in slant paths. It is obviously not exact, and the accuracy of any results obtained by
using it are open to question depending on the degree of derivation from the conditions upon
which it was derived. The strong-1!ne and weak-line conditions were invoked in its deriva-
tion, so that urder intermediate conditions, the results should be expected to deviate from
those obtained from an exact calculation.

Similarly, in the Taylor series approximation, the CG approximation resulted from a
neglect of higher order terms, which should be consistent with an adherence to the weak- and
strong-line criteria. Even with its shortcomings, howevcr, the use of the CG approximation,
or any counterpart to it, is essential for the calculation of transmittance In the atmosphere

when band models are used.
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0.05
0.04

8 Curtis -Godson

0.03 6 Corrected Curtis-

0.02}- Godson
& Second-Order
0.01 Gaussian
0 .
-0.01
-0.02 1 1 1 | !
0.4 1.2 2.0 3.0 4.0

FIGURE 43. THE ERROR, 8y = 75 (EXACT) - 7, (APPROX-~
IMATE), IN THE OPTICAL DEPTH FOR A LORI-?NTZ LINE
FOR SEVERAL APPROXIMATIONS TO THE PRESSURE INTE-
GRAL, AS A FUNCTION OF THE REDUCED FREQUENCY

x - xg RELATIVE TO THE LINE CENTER. The base pressure
P1 of the atmospheric slab has the value 3.0, and the pressure
P3 at the top equals 1.0 (after Goody, 1964 [ 28], Fig. 6.1).

\
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6
DETAILS OF THE LINE-BY-LINE METHOD OF CALCULATION

6.1 JUSTIFICATION OF THE METHOD - BAND M "DEL LIMITATIONS

In setting the stage for the caléulations that he reported for his doctoral dissertation,
Drayson (1967), while asserting the importance of bard models for certain atmospheric trans-
mittance calculations, observed that they have limitations which need not necessarily be
accepted today in view of the relative practicability of the method of direct integration. His
list of limitations on band models include the following:

"(i) The spectrsal resolution of the transmittances is finite: for the Elsasser modesl it is
a multiple of the line spacings, while the statistical model must use an averaging interval
sulficiently large to ensurethat the true distribution of the lines is adequately simulated by the
statistical distribution. The finite resolution introduces further complications fnr atmospheric

slant paths.

"(ii) Many band models do not allow for accurate contributiens of the wings of lines lying

outside the spectral region under consideration.

"(i1}) The actual distribution of lines can only be approximatad by the band models. In
come regioas, e.g., near Q-branches, it is extremely difficult, if not impossible, to accurately
account for the complex distribution of lines. The development of the Quasi-~Statistical or
Quasi-Random model by Kaplan [213 Jand Wyatt, et al. (1862) has done much to overcome these
objections. The resclution of the transmittances {for tie quasi-randrt1 model) can be made
arbitrarily small, the wings are accurately allowed for and the actua, istribution of lines can
be approached for suﬂiciently small averaging interval. It shares one 'woblem with the other
models:

"(iv) When the models permit accurate calculation of the absorption due to a real absorp-
tion band, the complexity and length of calculation is considerable, even for the Lorentz line
shape. For other line shapes including the mixed Doppler-Lorentz line shape, the com;.lexities
are even greater." ‘

According to Drayson, the method of integrating directly over the actual lines in a band
was first used for part of the 2.6 um ozone band by Hitchfield andVHOughton [214], and later by

other investigators. He (Drayson) cites the advantages as follows: ;

213. L. D. Kaplan, "A Quasi-Statiatical Approach to the Calculation of Atmospheric Trans- :
missioi,” Proc. Toronio Meteor. Conf., 1555(b), pp. 43-48. .

214. W. Hitschileld and J. T. Houghton, "Radintion-Transfer in the Lower Stratosphere Due
to the 9.6 Micron Band of Ozone,' Quart. J. Roy. Meteor. Soc., Vol. 87, 1861, pp. 562-
5717,
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"(i) The resolution is not limited; the transmissivities may be weighted by an instru-
mental response function and compared with high resolution experimental spectra.

"(ii) There is considerably more flexibility in the calculations,’ especially when extended
to non-homogeneous paths.
"(iii) The actual distribution of line positions and intensities is used and all contributicns

from the wings of distant lines are accurately included."

Drayson does not point out, however, that when the size cf the band is large, the cost of per-
forming a direct integration is considerably larger than eal..x® Jor Ly band models, a factor
which usually enters into any decision regz~ "~ : *»- -~ . take in calculation. In addition,
relevant and reliable line parameter: - .metimes unavailable.

6.2 DRAYSON'S METHOD

6.2.1 PRELIMINARY SETUP
Drayson's model was designed expressly to calculate long-wave radiativs transfer in a

plane parallel atmosphere. His ultimate purpose was to calculate cooling ratt: ‘n given
atmospheres, so it was necessary to take the radiative transfer equation (see { <i‘on 2)
beyond the stage for calculating simply path (or sky) radiance, and integrate the fiax across
horizontal surfaces., He considered only molecular absorption and obtained for the radiant

exitance, M, the value (assuming no azimuthal variation):

+1 :\.

M(P) = 21rf f L{v, q, p)pdpdy (218) \

v p=-1 }

with: '
~(a-q/n Je& ™ ‘

L(v, q, ) =L*(v, Tl % *J' Iy, qle (t q)/ug‘,f for (1 > 0) (219) |

q

{ 1

L{v, q, #) =.[J("’ te”(t-0/ “d—‘f for (1 < 0) (220)

0 .‘

where P i3 the pressure at some horizontal surface, the subscript, g, denotes ground level, andf

the other terms are as defined in Section 2. i

The loss of flux per unit area over a layer is then determined by taking the difference be- ’
tween M(P) at the top and bottom of the layer, where, by substitution: '
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F
i q -
~a,-a)/e g b g

M(P)=2wJ‘<J L*Q, Tg)e & + J’ I, thue (t q;/u%Jd“

v kO q

oF

+ fJ(V, t)e'(t"‘)/'“%t dul dv (221)
<10

4

n arder to set up equation {221} _r¢ closed-form integration, Drayson specified each of the
p-depenuay” :* "ar»lg L lerms of the exponential integral which has the form [215]:

1

E (x) = Je"‘/“p""“!‘-“i n=0,1,2,... (222)
' 0 x20

and then devised a means of expanding the En in a series of polynorial approximations [216].
Comparison of Eq. (222) with (221) yields the expression for M(P) in terms of the exponential
integral. Then, ajplying the expression,

dEn(x)
ax = "Epa®)

after integrating by parts the resultant of the combination of Eqs.(221) and (222), Drayson
obtains:

q
M(P) = 2nf [L‘(v, Tg) - I, qg)]E:,(qg = q) + Eg(q)(y, C) + f%lt Eg(lt - ql)dtrdv (223)
1 4

Using other recurrence relations (see Abramowitz and Stegun, 1964) on the derivative of M, one
gets for the divergence of flux at a given layer, for which P is the pressure:

q

dM _, d g dJ d

ap = 2ﬂd—%J.ku J’ Ez(t - q)aT dt '}Ez(q - t)'d!t‘ dt - Ez(Q)J(V, 0)>dv (224)
0

v |9

Drayson used the polynomial approximation to the exponential integral for the zenith
angle integration to avoid as many apprcximations as possible, and, irncidentally, to enjoy a

215. M. Abramowits and 1. A. Stegun, Handbook of Mathematical Functions, National Bureau
of Standards, Applied Math. Serles No. 55, Washington, D. C., 1964,

216. B. R. Drayson, "Polynom!al Approximations of Exponential Integrals,” J. Muant. Spect.
Rad. Trans., Vol. 8, 1968, pp. 1733-1738.
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saving in computer time (average about 0.24 ms on the IBM 7090) over the computer system

subroutine for the exponential function. The polynomial approximation is given by (ior q = X):
LA
PM(q) =Z Aiq
=0

for the interval 9, to ) where the gq’s are the optical depths. Tables of polynomial coefficients
for Ez(x) E 3(X) and E 4(X) forgiven intervals Xl,Xz are 1eproduced respectively in Tables 21, 22
and 23 from Drayson (1968). Armstrong [217]acknowledges that Drayson's method provides a
very fast means of calculating the exponential integrals, but cautions that in some applications
in radiative transfer, the accuracy (which, incidentally, is within about 1 % 10-7) may nct be
sufficient. As alternatives, he cites approximations by Cody and Thatcher {218]; and Gaussian
quadrature as applied in privately published work (Dave, [219] and Armstroung and Dave [220]). V
These alternative methods, however, are slower than Drayson's and the accuracy is not n.~ded

in the light of cther special calculation techniques.

Because of Drayson's interest in cooling in the mesosphere, mesopause, and lower thermo-
sphere due to absorpuon by the 15 um vand of 002, his coverage of the spectrum is somewhat .
limited; and furthermore, because of the atmospheric regime covered, depends heavily on non-
equilibrium processes. The method of calculation is general, however, and is not applications-
oriented. The only bands used for calculating rotaticnal line parameters were those tabulated
in Table 24 with isotopic relative abundances as given in Table 25. The value used for the
~orentz half-width was 0.08 cm‘1 at 1 atm and 300 K. For specific details of the theoretical
approaches used to formulate methods of calculation of cooling rates and for the resuits of
calculations, the reader is referred to the thesis by Drayson {1967], published as a University
of Michigan report for the Na:ivnal Science Foundation.

The significant factor in Drayson's calculation, as far as this scction of this report is con- ?
cerned, is the method of calculating the effect of molecular absorption. In order to perfor'nf o
the calculation in the line-by-line, direct integration method; ke used line parameters pre- :
viously compiled at The University of Michigan (Drayson and Young, 1967). Flux divergence
was determined by taking finite differences of the flux equation which was written for numerical
evaluation in the form: :

]
217. B. H. Armstrong, "Exponential Integral Approximations," J. Quant. Spect. Kad. Tranas., |
Vol. 9, 1969, pp. 1039-1040.

218. W. Cody and H. Thatcher, Jr., Math. Comp., Vol. 22, 1968, p. 641. i

219. J. Dave, A Subroutine for Evaluation of the Exponential Integral with Fifteen Significant

Figure Accuracy, Rept. No. 320-3251, IBM Palo Alto Science Center, Palo Alto, Calif.,
1968.

220. B. H. Armegtrong and J. Dave, Gauselan Quadratures of the Exponential Integral, Rept.
No. 320-3250, IBM Palo Alto Scl. Center, Palo Alto, Calif., 1069,
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TABLE 24. BAND STRENGT
ROTATIONAL LINE INTEN.

FORMERLY WILLOW RUN LABORATGRIES. THE UNIVERSITY OF MICHIGAN

EZ USED IN CALCULATING
SITIES. (From Drayson, 1967 [8))

vl pand center Strength
Lower  Upper a2c 1802; (cm'l(atm em)l gt 300°K)
000:0  010:1 667.379 194

010:1 020:0 618,033 4,27
010:1 100:0 720.808 8.2
010:1  020:2 €67.750 15.0
020:0  030:1 647,054 1.0
020:0 110:1 791.447 0.022
020:2  030:1 507,337 0.14
020:2  110:1 741,730 0.14
020:2  030:3 668,151 0.85
100:0 110:1 688.872 0.3
100:0  030:1 544,279 0.004
030:5  040:2 581.62 n.0042
030:8 120:2 757.47 0.u59
030:1 120:2 828.284 0.00049
030:1 120:0 738.364 0.014

TABLE 25. RELATIVE ABUN

DANCE OF ISOTOPIC

MOLECULES.(From Drayson, 1067 [8})

Apundance Relative Band Center

Molecu!e. to 12 1602 Of Pundamental
12g 165, 1.00 667.4
13 16, 112 % 10°2 848,5
12, 18, 18, 4.0 x 103 662.3
120 18, 17, 8.9 x 1074 664.7
13, 16, 18, 4.5 x 1070 643.6
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N
M, = 2n3(v, 0) Jss(-.-‘m)d;' +ZAJ1 Hfi IE4(|qm - qil)
v _J i=1 v

A (227©
- Eylla, -q_,hav

for which the atmosphere is considered as divided into . homogeneous layers, in which the
source function is approximated by a polynomial in some vertical varying parameter, e.g.,
pressure. For details see the full report of this work. The factor of significance to this state-
of-the-art report is the method of integrating the function over frequency, in which the line

parameters are implicit in Eq. (225).

6.2.2 TRANSMITTANCE CALCULATION

For carrying out the integration in frequency of, say, Eq. (225), which is essentially a cal-
culation of transmittance or absorption, another work by the same author is cited [221], in
which the integration was exemplified in finding the average value of transmittance 7 in the fre-
quency interval Y to Vg As has 2lready been seen there are a number of lines ki(u) = Sibi(ui’ v)
in the interval vy to Yy which contributed to the absorption, all characterized, among other
things, by their centers, vy The basis for the direct integration techrique i= to find an effi-
cient way of numerically integrating the monochromatic transmittances in tha band between
2 and vy ‘The setup of equations is given in the text of the U of M report (Drayson, 1967),
but the specific details of the integration over frequency, which are of importance to the cur-
rent state-of-knowledge, are referred to in the earlier 'work by Drayson and Young (1966).
Therefore, it is pertinent to investigate the technique in terms of this earlier work.

A typical application of the integration technjque is the weighting of 7(v) over the slit of

a spectrcmeter, namely:

Y2
?(u‘):f t(lv - v*l, a)r(v)dv ' 5
"1

where f(lv - V‘l, a) is the normalized slit function, and (a) is the slit width at half intensity.
Drayson and Young (1966' have applied the technique tu the integration of variously broadened ;
lines, althcugh the form of the integrund is not of utmost importance. Shown below is the

221. 8. R. Draysor and C. Young, Theorctical Investigations of Carbon Dioxide Radiative
Transter, Report No. 07340 1-F, University of Michigan, Ana Arbor, 19686,
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complexity of the expressions fur which the integrations over frequency were carried out, and
Py
in which the integra’ionj ki(u)dw is performed over the pressure range P1 to Pz to yi~ld

P

1
{for constant absorter-to-air mixing ratio and constant temperature):
2
cSi 0L0P§ +{v - "i)2
‘r‘(u) = ki(u)dw < 3ra fn 3 5 (226)
LO QLUP% +{v - Vi)

for Lorentz broadening,

where P1 and P2 are the pressures at the upper and lower boundaries of the layer
¢ = dw/dP
Si is the mean line strength
a0 is the line half-width per unit pressure at standard conditions

For the mixed Doppler-Lorentz broadening, a similar integration over pressure yields (for
the conditions stated above):

- o]
koc -t2 2P2 +(y -
e fn

(u) --———-—-———- dt . (227)
2"“0 “2p2 +(y - t)
0°1
-0
v-v)
where y = vYin2 (aD = Doppler half-width)
D
o4
u = == Vin2 a. = Lorentz half-width = a, P
aD L LO
u= uOP
0ty /e
0" a. Vv
D

The optical depth is obtained by summing up over all lines and over the path between the points
in the atmosphere for which the transmittance is to be datermined. Or, the atmosphere can be
subdivided into homogenecus layers and a Curtis-Cudson approximation (see Section 5) is used
over each layer. v

The evaluatica of the frequency integral can be done numerically by using an appropriate
quadrature formula, either a high-order one over the whole interval of integration, or a low-
order one over successive portions of the interval. Drayson and Young (1966) have chosen the -
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latter because of the rapid fluctuation of k(v). They found by a process of trial and error that
4-point Gaussian quadrature could be applied successfully to Lorentz or Vcigt ~~ofiled lines
near the centers over the intervals bounded by peints 0.0, 0.001, 0.002, 0.003, 0.005 and 0.01
cm'l on either side of the line center. The narrowness (0.001 cm'l) of interval is required at
low pressures but could be made wider for application in the troposphere. Four-point quadra-
ture yielded accuracy cf four decimal places in transmittance, whereas lower order quadtature
introduced considerable error because of the rapid decrease in the absorption coefficient away
from the line center. In the region between lines, away from line centers the variation of k(v)
is not as great, so that a coarser interval of integration may be used, specifically, 0.01 em”

-1 sub-

subintervals for a distance cf from 0.04 to 0.35 cm'l from line centers, and 0.1 cm
intervals else\-here. In order to avoid round-off errors in the computer, the line frequencies
were rezd in the computer to two decimal places, multiplied by 100, and converted from floating
point to integer mode. To calculate the absorption in any 1 cm.l interval, the frequencies were
converted back to floating point, relative to the center of the interval. By calculating all fre-
quencies relative to this point, the difference between neighboring frequencies could be accu-

rately found.
It is important to note, and often overlooked, that Gaussian quadrature i3 used because the

highest order approximation can be achieved for the smallest number of points.

Drayson and Young do not specify Eq. (227) for the calculation of transmittance using the
Doppler-Lorentz broadening, but refer instead, for slant-path calculation, «o the expression

prior to pressure integration, namely:

P. ©
2 k.uc
Ti(v) - j dp 0” I exp ['t J dt . (228)
P u +ly - t)
1

They refer to a paper by Young (1965) for a description of the method for solving

i("\‘ f exg[t] at :
“ *(Y"t) )

A newer, much faster method (Drayson, [222]) is currently being used. In the earlier work,

four-point Gauss-Hermit quadrature was used with y 2 7.0 and u positive. For the other

regimes: u <10,y < 7.0audu > 1.0,y < 7.0, the reader is referred to the paper by Young l
(1965). See also Section 5 of this report.

222. 8. R. Drayson, Private communicatlon, 1974.
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Because there are so many lines cver which the calculailon must.be made (see, for ex-
ample, Fig. 27), approximatinus and other short-cats must be performed to keep down the
coniputer cosws. A straightforward numerical integratica over the AFCRL lines, for which
a computer prograq is given in the AFCRL report (McClalchey, et al., 1973), requires a very
large expenditure of computer time, with an average cost without short-cvts of a little under
$1.00 per wavenumber, a cost which can escalate rapidly if the spectral region required is of |
any reasonable size, It must be realized, of course, that this cost depends on a number of
factors, not the least important of which is the number of lines in a particular band.

Drayson and Young (1966) simplify their calculation by assuming the Lorentz half-width
for the 15 um band of air-broadening CO2 to have the constant value of 0.08 cm'1
and 300 K, as the result of comparisons between the suggested values of different investigators
In later work on radiative transfer, a variable half-width has been used, They used the pure
Lorentz shape for pressures greater than 0.1 atm, and the mixed Doppler-Lorentz (Voigt) profile
for pressures less than 0.1 atm. The Lorentz shape was used for |v - Vll > 0.2 cm-l. The
Doppler half-width, which varics with frequency, changes sufficiently little to be effectively

constant over a 1 cm.1 interval, the value being that calculated for the center of the interval.

at 1 atm

In the case of a constant-pressure path the quadrature calculation is apnlied to the line with
these parameters in the vicinity of the line center as outlined above for whatever pressure is
desired. For the layered atmosphere, the Curtis-Godson pressure for each layer is deter-
mined and the calculation performed for these pressures. This procedure yields more accu~
rate results than obtaining the Curtis-Godson approximation over the entire path.

For lines whose centers are further than 3.5 cm'1 from the center of the 1 cm'l interval
considered above, an interpolation is preformed to determine their contributions to the interval
from the wing contributions of the line evaluated at the midpoint and the two end points of the
1 cm-l interval. The reason is that the variation of this part of a line over a 1 cm.l interval
is small, and much time is saved. These contributions will vary with temperature, so the cal- »
culations are made for six temperatures: 300, 275, 250, 225, 200 and 175 K. The interpola~
tion is made over wavenumber and temperature to determine the wing contributions. In this
way, the wing contribution can be included accurately (i.e., there is ro need for an arbitrary
cut-off); and non-Lorentz shapes can be used if desired. Thus, much CPU and storage time
is saved without a compromise on accuracy.

Two further interpolation procedures are used for the absorption coefficient:

(a) Over 0.1 (:xxf1 intervals some lines closer than 3.5 em'1 do not vary much in their
contributions. So a computation is made for the sum of the absorption coefficients of these
lines at the center of the interval and the two end points. The interpolation 1s made over wave- .
number as required. Currently, the bounding value is 0.8 cm-l, but this can be adjusted,
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(b) Near the line center (uo + 0.01 cm-l) using the small subintervals described earlier,
an interpolation can be made for lines more distant than 0.1 t:m~l from the line center,

These in‘erpolations save much computer time without loss of accuracy.

6.3 THE [METHOD OF KUNDE AND MAGUIRE

6.3.1 APPLICATION

The most recent calculation of Kunde and Maguire (1974) for a direct {ntegration of the
transmittance parameters is similar in procedure to that proposed by Drayson (1867). The
application of the results was somewhat different, however, and many of the particulars in the

use of approximations are peculiar to the use of the results. For example, Kunde and Maguire's

expression of the radiative transfer equation, shown here as:

R
L,(0) = L (R)r(v, R) + I L) (s)dr(v, s) (229)
0
tmplies its eventual use in comparing theoretically predicted with experimentally observed
radiances in the atmosphere. Their expression for the trarsmittance through a uniform slab
(at pressure, P and temperature, T) is the usual exponential diminution at a specified fre-
quency, in a form suitable for incorporation into their radiative transfer equaifon:

(v, 8) = exp [- Zk‘(v. | T)Wiil k230)
1

where w = pR 18 the absorber amount in distance R. Density of the i-th gas is Py and kl(”) is
its absorption coefficient at frequency, v. The average spectral transndttance over the inter-

val, Av, is written, as usual:
|
Tav " Tav @31

and, with Av divided into a variable number of subintervals, k = 1, 2, . . . K, a four-point
Legendre-Gauss quadrature (see, for example, Abramowitz and Stegun, 1964) is employed in
each subinterval, such that: ;

K

v -p 4
RS
7y, (8) = XL A:" (252)

|
i

|
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where

V.. + v
By A

2

Vv -p
B A,
Vet T 2 /]

andv_ and v, are the upper and lower limits respectively of any subinterval. The W' and

By A

yq are respectively the weights and abscissae used in Gaussian quadrature.

6.3.2 TRANSMITTANCE CALCULATION
The objec:: of the work reported by Kunde and Maguire was to calculate upwelling spectral

. radiance, neglecting any scattering effects. In Eq. (229) the lower limit of the path through
which the radiance originates is designated as s = 0, and the upper limit (usually the top of the

atmosphere) is designated as s = R. The evpression for r(v) to any point s from above the
atmosphere is, of course, different from that in Eq. (230) because the path through the atmo-

- sphere is variable. Instead, there results:

s
v, 8) = exp -I ki(u, P, T)pids' (233)
' 01

. where, for the i-th gas, w = J-p‘ds'. The approximation of the integral in a summation leads

" to:

(v, 5) = exp |- ZZk”(u, B, Tyow, (234)
B

in which the atmosphere is divided into layers of constant T and constant P(j= 1, 2,..,J)
equal recpectively to the average temperature and pressure over each layer. The four-point
Legendre-Gauassian quadratcre applied tn 7 over Ay, which is divided into K. sthintervals
k=1,2,..,K) then ytelds:

K
v -y 4
z : By .
'——i—fl warke(u, 8)
f=1

- k-1
Tay(8) = 5 (235)

The numerical approximation to Eq. (229) is:

L,(v, 0) 2 Ly, (0/80 = LJ(v, RIT, (R) + 3 [L;(u, T(s)) a7 Av(s)] (236)
)
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The value is taken at the midpoint of the incremeni. Thus, the average spectral radiance over
the interval, Av, is obtained from a knowledge of the Planck function at the center of a layer
and the calculated transmittances originating at a prescribed set of atmospheric levels,
approximately 30 in all, selected to yield nearly equal increments of AT. This resultsina
succession of levels which vary in incremontal distances from 0.5 km at tiie luwer surface to
4 km at the upper limit. The values of AT are computed (in Av intervals of 0.1 cm'l) for in-
crements of 0.1 km by interpolation from the values of ;Au computed from the 30 levels.

For comparison with satellite data, Kunde und Maguire averaged the spectral radiance over

the presumed slit function of a spectrometer so that:

v
2
L—Au(”.) = I f(lv - v* l, a)Lu(u)du
1
where f is the normalized slit function
a is the full width of the slit at half of maximum intensity

v* is the center of the slit width,
"l'. vy are the zero points of the slit function.

In the approximation this integral is evaluated numerically as:
—— ‘ - —
L") = 3T Iy - o7 L 2], ey, (237)
: i

where?(lv‘ -v*, a) !s the average value of f over the interval Av,, and v, is the center of
the f-th interval Aul. By performing a fast Fourier transform of f and L the convolution in
Eq. (237) can be obtained by the product:

&) = F)g, ,(t)
where t is time, and §,i’7‘ and & and the Fourier transforms of their respective functions.

6.3.3 SETUP OF THE PROGRAM
The outline o! the numerical algoiithm for determining L is taken directly from a preprint
of Kunde and Maguire's paper on the direct integration of transmittance [223] as follows:

"1, Specify atmospheric model, vertical temperature profile, vertical gas concentration,
and surface pressure.

"2. Specify molecular absorbing gases and appropriate line parameters.

223. V. G. Kunde and W. C. McGulre, Direct Integration Transmittance Model, NASA Report
No. X-622-73-258, Goddard Space Flight Center, Greenbelt, Md., 1973,
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"3. Set up vertical matrix of atmospheric temperatures, atmospheric effective pressures,
and optical path lengths for each absorbing gas for each atmospheric layer.
"4, Determine the average transmittance for a 0.1 cm"l interval for J atmospheric

levels from Eq. (234) and (235).

-1

5. Determine the emergent radiance for each 0,1 cm ~ interval from Eg. (236) across iie

spectral region of interest.

"6. Determine the emergent radiance averaged over the instrument function as specified

in Eq. (237) for comparison to the observed spectrum,
This algorithm has been programmed entirely in Fortran IV for an 1IBM 360 operating system."

In a manner similar to that by Drayson, Kunde and Maguire perform an integration over
all the lines of the atmospheric molecules by considering two regimes over each line, namely
(1) that region containing Av < 8, and (2) that containing Av 2 8, where 0 is a prescribed distance
{rom the line center Specmcally, for Ay < J the quadrature points are closely spaced; for
Ay 20 the quadrature points are spaced farther apart. The details in the Kunde and Maguire
report are explicit and should be sought by the reader who has more than a passing interest,

The expression for the absorption coefficient at a given frequency resulting from the accumula-.' '_

tion of the effects of 1n lines of the i-th gas in the j-th layer with appropriate intensity is
(see Eq. (234)):

— [+) = ——
Ky Ve Pep T Zsm(T By Peg Tj) + KWy TP /Py (238)

(Recall that k and ! refer respectively to the subdivision Ap, and the order of quadrature.)
_pej is the average effective pressure in the j-th layer, where P, = P+(B- l)pa, such that P

is the total pressure, pa is the partial pressure of the absorbing gas and B is the self-broaden-
ing coefficient. The subscript r refers to reference conditions, i.e., conditions under which the
line parameters were initially determined. The first term in Eq. (238) refers to that portion of
all the line shapes at v for which the distance, Av, from a line center i8 less than 6(=3.5 cm'l)

The line shape bm(-ﬁe. T) is the mixed Lorentz-Doppler shape given as:

1 ﬂnz 1
by, y) = TEBH(“; y)

v - Uo

<u=-—Vm§andy=[~

cm l, and the pressure is less ttan 100 mb. The Lorentz line shape was nsed otherwise, The
function H(u, y) was evaluated according to a numerical procedure given by Young (1965),

]\[ ln2> when the distance from the line center is less than 0.2

108




— e . - T

[!‘!N
FPORMERLY WILLOW RUN LABOKATCRIES THE UNIVENSITY QF MICLHIGAN

The second tern. in Eq. (238) corresponds to that portion of the lines effective at v for
which Ay > 8. Since in this region the modified Lorentz shape is sufficiently accurate, the ko(u)

is given by:

S (T, (P, T)/T
kW) = o lm o ror (—%)y (239)
J u(u-vo )
m

m

y is given here as 0.5.

As in the integration performed by Lirayson and Young (1966), each quadrature calculation
was made in intervals prescribed to keep the computer time to a minimum, while keeping the
accuracy as high as possible. So instead of retaining a coarse quadrature iaterval and com-
promising accuracy, cr a fine interval and sky-rocketing computer costs, the variable interval
was tailored to the exact shape of the line. An excellent description of the frequency mesh
used to perform the numerical integratioa cn the spectral transmittance over Ay, taken from
Kunde and Maguire (1973), is shown in Figure 44, in which (he schematic representation of the
central part of the line shape is jeverely distorted.

The interval chosen for Av is 0.1 cm'l, which, therefore, limits the ultimate resolution.
This is considered, however, to be always much smaller than the instrumental spectral res-
olution. This interval is subdivided for quadrature into smaller intervals, the fineness of the
subinterval being determined by its closeness to the center of a iine; na.nely, that which ylelds
a mesh of about 0.001 cm-l in the immediate vicinity of the center and 0.1 cm.l fnterval in the
wings. The scheme for dividing up the 0.1 cm.1 interval is shown in Figure 44. When there
are no lines falling closer to the interval than 8, the foor-point quadrature is performed over
the ertire 0.1 cm.l irterval as shown in Figure 44(a). The quadrature points are shown
norma'ly as short vertical marks at t’ n of the scale. I one line appears in the inter-
val, it is divided up as shown into two intc.vals, dl’ on ejther side of the lin? center, and into
d2 and JS on either side of dl' (See Fig. 44(b).) Buch interval, di’ is further subdivided into
two parts and four-point Legendre-Gaussian quadrature performed on these parts. The accu-
racy in the transmittance is alleged to be good to two or three significant figures. Four-point
Legendre-Gaussian quadrature is also performed on the intervals designated d2 and d3.

When there are two or more lines in the 9,1 t:m.1 intasval, the integration is performed
as shown schematically in Figure 44(c). The major difference between this and the case with
one line is the interval, circle 6, between lines. This interval is designated as d4. Thus, in
summary, when there are no lines in the 0.1 cm'l interval, it is divided up into a total of four
quadrature points. With one line in the interval, the total numbter of mesh points is 24; and
with two lines in the interval the number of points is 44, There arc correspondingly more

points as the number of lines in the interval increases.
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FIGURE 44. SCHEMATIC,OF VARIAELE WAVE NUMBER MESH FOR

0.1 ¢cm~! INTERVAL WITH TWO SUB-INTERVALS IN dy. (a)No molecu-

lar lines, 4 mesh 7 oints; (b) one molecular line, 6 sub-intervals; (c) two

molecular lines, 11 sub-intervals, 44 mesh points. (Repreduced from
Kunde and McGuire, 1874 {9] .}
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6.3.4 SUME RESULTS v

Kunde and Maguire sjpecify ir Laeir paper the nuinber ond types of line parametors used in
theirprogram. The AFCRL line cor.pilation, however, canbe readily adopted. Some comparisons
where made with experimental data, of which three examples are shown in Figures 45, 46, and 47,
taken from the report by Kunde and Maguire (1974). These figures depict, respectively, the
'homogeneous-path transmittance for C02, H20 and 03. In accordance with experimental evi-
dence, modifications to the line shape were made to account for the reduced absorption by CO2
in the continuum region within the 780-200 cm'l range, but not shown in Figure 45. Thus for

all CO2 lines in the 500 to 800 cm'1 region, the line shape took the form:

b =by orentz for |v - vol = Vmin
5 (240)
b =by srentz €XP [’a(l" - vO.l ~ Vmin) ] for lv - l'0’ > Ymin
with v =3.5 c:m-1 from the line center. Best fit to the data was obtained with a = 1.4 and

min
b = 0.25. Kunde and Maguire claim an agreement of better than 109 and suggest that the dis-

crepancy in the Q-branch regions is more indicative of an incomplete knowled;ze of the instru-
ment slit function than of a true difference in transmittance as determined theoretically and

experimentally.

Much greater care, based on the results of severa! years of experimental and theoretical
investigations, was exercised in generating the proper parameters for the continuum in H20.
Shown in Figure 48 are the values adapted for the foreign- and self-broadening cocfficients

used in

X(P, pHZO’ T) = kl(T)P +k2(T)pH20
(PH 0 is the partial pressure of HZO vapor) tc obtain the transmijttance in the Hzo continuum
2 .

reglions between 400a.... l;00cm-1. Comparison of results, however arc shown between the
values obtained by calculaaon and by experiment ia the 1535 cm-l }120 band. The difference
in apparent structure on either side of the center of the band is the result of a change in res-
at1200 a7t ! at 2000 cm™). e agreement is better than 5%,

olution from 5 em” to 20 cm”

Comparison of earlier tesults (Conrath, et al., Ref. [224)) withNimbus 3 data (see also

Section 9) showed a deficiency in the O3 part of the spectrum as a result of the neglect of cer-

tain upper-state hands. Tle recent data have been imgroved by the inclusion of the v2 band at

224, B. J. Conrath, R. Hanel, V. Kunde and C. Prabhahara, "The Infrared Interferometor
Experiment on Nimbus 3," J. Geophys. Res., Vol. 75, No. 30, 1070, pp. 5831-5657.
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FIGURE 45. HOMOGENEOUS PATH COMPAR-
ISON FOR 667 cmm™* CO9 BAND AT ROOM TEMP-
ERATURE. (a) Pg = 0.2053 atm, w = 6.30 cm atm;
(b) P, = 0.0857 atm, w = 212.1 cm atm. (Repro-
duced from Kunde and McGuire, 1974 [9].)
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FIGURE 46. HOMOGENEOUS PATH CGMPARISON
FOR 1595 cm~1 H30 BAND AT ROOM TEMPERA-

TURE. (a) P = 140 mb, P = 167 mb, Pi,0 © 10 mb,
szO

pHgO = 22 mb, ngO = 0,077 pr cm. (Reproduced

from Kunde &nd McGuire, 1074 [9].)
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FIGURE 47, I-ION!)\:ENEOUq PATH COMPARI-

SON FOR 701 em~1 04 BAND AT ROOM TEM-

PERATUPZ. (3) P 866 mb, w = 2 em atm;

) P = 533 mb, @ = 9.4 cm--atm. (Reproduced from
Kunde and McGuire, 1574 [9].)
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FIGURE 48. WATER VAPOR CONTINUUM ABSORPT:ON COEFFICIENT FOR

THE 400-1400 cm~1 REGION. The k3 component is normalized to the self-

hroadened modif: 24 Van Vieck -Weisskopl line shape for the rotational HO Hnes

st 430 ci2-1 ane the self-broadened Loren'z line shape for the lines of the 1595

cm-1 H20 band 1t 1400 em~). The k1 component is normalized in a similar manner

to the foreign broadened water vapor components at 400 and at 1400 cm~!, Only

the kj and kg contributions are included in the 400-1400 cm-} region. (Reproduced
from Kunde and McGuire, 1974 [9].)
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701.4 cm-l, adequate representation of which is given by McClatchey, et al. (1973). Com-

parison of Kunde and Maguire's theoretical results for this band with the laboratory results

of McCaa and Shaw (1967) is shown ir Figure 47. The number of lines used in the calculation
was 2158. The foreign-broadened half-width (self-broadening was assumed to be negligible)

used was 0.07 cm-1 at 296 K for a Lorentz shape.

6.4 KYLE'S METHOD ' |
Another, somewhat different, method of performing a !ine-by-line, calculation was devel- : |

oped by Kyle {(1968c). His integration over the spectral lines {s performed with a simple :
trapezoidal formulation, using a uniformiy spaced integration net, optimized for a particular
line shape. This would ordinarily be considered a brute-force attempt at integration, which
would be most uneconomical in terms of computer time and costs. But Kyle has devised a

scheme for broadening the net or integration interval, so that the rumber of computations is
minimized. He writes for the generalized absorption coefficient the expression k(v - Vo @ ),

which, numerically integrated with a ste;y size D, yields:

oW
Z‘ k(rD + 4, a)D = 1. (241a)

-
n=-=w

The value of A is calculated so that normalization over the interval r--uains unity. The physi-

cal representation of this type of numerical integratirn is shown in Figure 49.

With D taken outside of the summation, the summation resembles the expression for an
Elsasser band, so that the result can be written directly for any line shape for which there is

a known solution, In the case of the Lorentz line shape, the solution to Eq. (241a) is:

=]

‘ : D/orL
5 =1 (241b)
Z :(nD/otL + u/aL) + 1

n=-o

R

or

sinh (27a L/D)

cosh (2a /1)~ cos (27A/D) =1 (241c)
which when solved for A, yields:
A = (D/27) cos™} {exp ('ZML/D)] (242)

Thus, with a chosen value D, the step size in the numearical integration, the choice of A is
made according to Fq. (242). The error in the integrated absorptance of a line is dependent on
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the choice of D/a L+ This error is shown plotted in Figure 50 as a function of Sw/2na L+ Which
specifies that reasonably large net sizes may be used before significant error occurs. Figure51
shows how the peaks of the family of curves in (Fig. 50) vary as a function of the g*ep size. In
the same figure are plotted similar values for a Lorentz line for which the value of A is forced
to zero; and for a so-called atmospheric line, The 1z .er values are derived from the calcula-
uoh of absorptance in a vertical path through the atmosphera, for a Lorentz line whcse shape
changes as the half-width, ar, changes with pressure.

A A-value can be calculated for the atmospiieric line by considering the shape derived by
Goody (1964) for the optical depth calculated for a path vertically through the atmosphere.
Thus, with the integrated value of the line shape noricalized to unity as before, we have:

°°—1 D (nD+A)2+ai
T fn ———— | = 1 (243)
L (nD + A)
nN==00 .

According to Kyle, this leads to:

1 + exp (~2n0 /D)

os 5 (244)

=D .
A=ar ¢

A plot of the percent error as a function of Sw/:ZmL for various step sizes is shown in Fig-
ure 52. We ncte, incidentally, that as D approaches zero the ratio of /D approaches 1/4 for
-the pure Lorentz line, whereas it approaches 1/6 for the pressure-reduced line in the atmo-

Spheric case.
For the Doppler line, the expression for the integrated line shape is given as:
0

2
R _(nD +A _
E D/rraD exp ( ai) ) =1 (245a)

==

\

where ab is half of the width of the line at an amplitude of e.1 of maximum. Since no simple

| solutfon exists for A, it is cbtained by numerical solution of the equivalent of Eq. (245a),
given by Kyle as:

83[1rA/D, exp (-nc*/D)zi =1 (245b)
|
where 8 is the theta function given by:
\ 85(z,9) =1 + ZZ-;q "2 cos 2nz (246)
n=
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F'GURE 49. ILLUSTRATION OF TWO INTEGRA- & s &
TION NETS, WITH A = 0, AND A # 0. (Repro- W s «
duced from Kyle, 1968c¢.) r
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FIGURE 51, MAXIMUM INTEGRATED ABSORP-
TANCE ERROR AS A FUNCTIOM OF STEP SIZE.
A # 0 {0 determined by Eqga. {242) and (244) for
the Lorentz and atmospheric cases, respectively.
(Reproduced from Kyle, 1968c [8] .)
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FIGURE 50. ERROR OF INTEGRATED ABSORP-

TANCE OF A LORENTZ LINE FOR THE STEP

SIZES, D/ay SHOWN APOVE THE CURVES. A ls

determlnedl&y Eq. (242). (Reproduced from
Kyle, 1968¢c [6] .)
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The error in integration fur the Doppler shape is given as a function of Sw/Znab in Figure 53,

for different values of the ratio D/ l') The unusual nature of the curves is a function of the

rapid drop-off of the Doppler line, ard is controlled to some extent in a veal caz = for which

the Lorentz broadening b2comes dominant in the wings.

2N

Kyle notes that a siep size equal to the hall-width should give adequate results for the
Lorentz or Doppler shape, with a smaller size needed for the so-calied atmospheric line. The
fact that we are nearly always considering atmospheric cases seems to impose an upper limit
of roughly 1/4 to 1/2 the half-width for a step size, if reasonable accuracy is to be achieved.
Kyle argues that often the positions of lines are not well enough known to justify accuracies
which require very small step sizes. He notes that if the line positions are known only within
0.01 cm'l, with half-widths preater than 0.01 cm'l, then a value of A us large as 0.005 cm ™}
can be used and a step size of 0,01 em™! would be adequate.

6.5 THE METHOD OF SCOTT IN DIRECT INTEGRATION

Another technique, which its author claims is a computer-time- saving technique, is de-
scribed by N. A. Scott (1974). The method is based on a Yirect numerical integration in fre-
quency using the line structural properties to derive an economical spacing of the Irequency
mesh. As designated by Scott, the vertical transmittance is written as:

1 N r ?
T(ZG, ZU) = ﬁz ‘IVi exp -Z WkZ Kj(ul’ Zk) (247)
1=1 k=1 j=1
where:
Zg) Ty = respectively, the lower and upper limits of integration in altitude ; ‘

Voo Y = respectively, the lower and upper frequency iimits of the spectral interval
Wi, W = respectively, the weights for integration over frequency and altitude
N, r = respectively, the nuniber of integration points over frequency and altitude
£ = number of lines in the integration interval and

K,(V. z) = Sj(Z)bj(V. z)w(z)

where:

Sj(z) = strength of the j-th line at altitude, 2;
w(z) = concentration of ‘he absorber at z; and
b,(v, z) = shape of the j-th line at z.

Recall that b’ is given by:

A e o k0 e £ AR < s e
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FIGURE 52, ERROR OF INTEGRATED ABSORP-

TION OF AN ATMOSPHERIC LINE FOR THE

STEP SIZES, D/cry, SROWN ABOVE THE CURVES.
A i8 determined by Eq. (244).
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a
Lorentz: %——-——-il—‘-—z- (248)
(v - v’) top
Doppler: 2L |/-'—"—?- exp (-yz); (249)
IXD x
+0d 2
/ln t
L 5 dt (250)
u? +(y a )
-0

Ve, o
with: y =—2 [/nZandu =2 }/inz
D “D

6.5.1 DETERMINATION OF INTEGRATION INTERVALS

The altitude is divided into r layers, each with a mean pressure and a mean temperature,
which are used for the computation of S, @ and w. The frequency axis is divided into N equal
segments, or sieps, according to Weddle's integration formula (see, e.g., Ref [225]) The size
of the interval, by = l/N(ua - ub), is chosen to conserve computation time, yet preserve accu-
racy. Since the line half-width varies as a function of altitude, the integration step is chosen
as a prescribed fraction of the half-width prevailing at the highest layer (given as zr), in the
vertical path through the atmosphere. Deperding on where z,, occurs, the shape of the line
could be determined by Eqs. (248), (249) or (250) in which cases:

a (z)
for Lorentz: {p = LMr (251)
for Doppler: bv = ao(zr)
ppler: M (252)
6. aL(zr)
for Voigt: Ov = —= fy=1 (253)
ap(z,)

or Oy = Mr ify<1

where M > 1,

223. G. A. Korn and T. Korn, Mathemntical Handbock for Sciertists and Enginsers, MceGraw-
Hill, N, Y., 1061,
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To take account of the fact that the line half-width increases at the lower altitudes, and
the integration can accommodate a larger integration step, Scott defines a "representation
step," Au(zk) shown in Figure 54, for the k-th layer, sucn that the frequency interval is divided
into the steps:

Var Vo t Au(zk), S P PAv(zk), ..... 'V

where P=0, ..., n(zk) and n(zk) is the number of "representation points," in the frequency
interval for the k-th lay:r. Note that there is no offset as recommended by Kyle. The total
number of integrat’ n. points, N =8 u-(ua - vb),‘ is the same, but the values bctween the
"representation points"” .re chtained by interpolation. Scott claims that the interpolation rep-
resents a saving in comp-iter tizae over a direct calculation of each of the N values for each

layer.

6.5.2 SIMPLIFICATIONS

Ordinarily, it would be necessary to compute the value of the line shape b (u, zZ)=b (u( P), z)
for § lines, at r layers for each value of P, which would invoive a large amount of computing
Scot! proposes a simplification, the details of which can be found in the original article
(Scott, 1974). The simplification entails allowing (ua - Vj)’ the difference between Vos the initial
value of the integration interval, and Vj' the center of the j-th line, to be an integral multiple,
P', of Au(zk). This amounts to computing:

for Lorentz: }G_l(z;i (1+ Uz)-! and (254)
LYk
for Doppler: _—T_) ‘" exp (- Uz) (255)

where in Eq. (254), U = (P + P')/M and in Eq. {255), U = (P + P')VIn 2/M, thus requiring cnly
one computation for each U, savisfying all lines having a given halt-width @, orap. This re-
quires, however, a sacrifice in accuracy, since those lines which are not an integral multiple

of Av from v, must he shifted by the value |uj - v | = Au(zk)/2 to uj The loss in accuracy on
the othex hand, of the ovder of 0.0i cm l, may not be much greater than the uncertainty in the
positions of the lines. And furthermore, we may expect compensating offsets between the posi-
tive and negative shifts. The value of P + P' incidentally ranges from 0 to a value beyond which

) can be halted, being a negligible contribution to the absorption coefficient.

When several gases are involved in the computation, the value 8y is chosen on the basis of
the gas with the smallest half-width. Calculations of the contributions of the other gases are
made in relation to the ratios of the half-width of the various gases. The reader is referred to
Scott (1974) for details.

the computation of b
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6.5.3 EVALUATION OF RESULTS
A very significant contribution in Scoit's article to an understa «ding of the usefulness of
a computation technique ~ one not often found jn similar deseriptions - is an assessment of

the sensitivity of the transmitta.ice to changes in various parameters used in the computation.
The sensitivities included in the articles are for changes in r, tr2 number of atmospheric
layers; A, the number of points in the wing included in the computation; M, the ratio of the
half-width to the size of the mesh; and ags different values of the Lorentz half-width. Also,
plotted are the arbitrary computation times as functions of r, £ (the numnber of lines), and N
(the number of integration points). The allcged time required for computation of 7 and dr/dz
is 20 seconds on a CDC 6600 computer, for N = 5500, r = 50 and { = 200.

As is true with all techniques, the true value cannot be determined without a coraparison
with real results from experimental measurements. T+ perform this evaluation is no small
feat because of the varicty of parameters and the difficulty oi achieving reliabie physical data.
On the other hand, it i3 valid to compare different techniques by applying identical, if artificial,
data. This is not likely to happen, however, because, except in certain undocumented cases,
the exchange of programs is presently impractical.

6.6 AN INTERMEDJATE METHOD OF TRANSMITTANCE COMPUTATION

The technique described in this section is one which avoids the use of dirert integration
over the lines for the computatiun of atmospheric transmitiance; yet does not resort to the
coarser techniques in the use of band models, It is included, thus, in this chanter as a sort of
transition between the direct method and the band-model method. The technique is described
by Arking and Grossman (1972}, after an idea treated in a 1939 Russian paper by A. 1.
Lebedinsky, which is referenred by Kondratyev [226]. The basis of the technique is that the

k ordering of the absorption coeffici:nt, k, with respect to v is unimportant in the computation

of the average 7 over a finite spectral interval, but depends only on distribution of k-values within
the spectral interval. (Compare the quasi~randcm model, Section 7.2.)

Use of the so-called k-uistribution function avoids the need for direct integration, but re-
tains a limitation in that it requires the atmosphere to be homogeneous, wherein the absorption
coefficient {s independent of pressure and temperature. The inhomogeneous atmosphers can
apparently be accommodated but with an increase in the complexity of the technique.

6.6.1 DETERMINATION OF THE DISTRIBUTION FUNCTION
Arking and Grossman (1972) write the average transmittance for the i-th spectral interval,
in the following form:

228. K. Ya. Kondratyev, Radiation in the Atmosphere, Academic Press, N. Y., 1969,
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¥y
w
- 1 2
Tl(wl, Wz) = L‘—-:—V-i-:—l f exp ‘f k(l/, W)dw dv . (256)
Vi-1 ¥1

¥y < wo, are the amounts of absorber {mass per unit area), respectively, above altitude levels
1 and 2. I the distribution function for k is given by hi(k) in the {-th spectral interval, then
Eq. (247) is rewritten as: '
U
- _ ) S ‘
Tl(wlwz) -J‘ exp [ k(w2 it l,h‘(k)dk] (257)
0
The determination of the distribution function, h(k), can be obtained in the following manner.
Imagine a cut across the spectruin (See Figure 55) from vy to Vo at k, of height dk. The
accompanying value of dv at each cut is given by du’. where § varies from 1 tn J, the total

number of cuts. The total frequency interval covered by the cuts isZ dul, ard this value
j=1

divided by ldk| is the frequency interva} per unit k interval. Dividing this quotient by vy = ¥y

gives the fractional interval per unit k, wh'ch is the k-distribution functicn. Thus,

N
Vo ° ¥

When this value is used in Eq. (248), ihe value ?‘(w‘, w,) in Eq. (247) is determined with-
out resortinT to direct integration. Arking and Grossinanhave obtained the k-distributionfor sev-
eral casns of line structure. These include realistic and some not-so-realistic line structures.
Among the set are representations of square and triangular lines, and Lorentz~ and Doppler-
shaped lines in a regular band structure. The reader is referred to the original article (Arking
and Grossman, 1972) for the descriptions. As an examnle, a regular pattern of non-overlapping
Lorentz lines s chosen. A characteristic half-width, a; , defined by a, (, = aL/d (=8/27), 1s
used in the Lorentz formula, in which the iine spacing is d and the center frequency ¢f a char-

acteristic line is taken a3 zers. Thus:

(258)

h(k) =

k
h(v) = ———2——— for 0 s v = d/2 (259)
1+ [v/(aLCd)] )

with k2 as the peak value of k{v), given by S/m d Thus, inverting Bq. (259) we have:
dv
h(k) = - ork sk ck (260)
rd 372 17 2
k (k2
i=1
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with kl as the minimum value of k given as:

k :
2 (261)

k., =
L p/eag 1

An example of (he distribution function in an actual gas for a portion of the 15 um CO2
band between 875 anc 715 cm-1 at 250 K and three different pressures is shown in Figure 56.
The distribution function for each curve in (Fig. 56) has the form h(k)ak'“ where n is 0.75 for
small k and 1.5 for large k. The minimum k is proportional to Pl, and the maximum X in-

versely proportional to p.
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FiGURF §5. SCEHEMATIC FOR DETERMINING THE DISTRIBUTION
FUNCTION, h(k).
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FIGURE 58, THE k-DISTRIBUTION FUNCTION FOR THE PORTION
OF THE CO4 15 pm BAND FROM 675 TO 715 cm-1 AT A TEMPER-
ATURE OF 250 K AND PRESSURES OF *, 0.1, AND 0.01 atm, Itis
based upon Lorentz profiles with a constant half-width of 0,08 cm~1
timer the pressure., The line parameters were taken from Drayson
and Young, 1967. (Reproduced from Arking and Grossman, 1972 [10] .)
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7
ILLUSTRATIONS OF BAND MODEL METHODS

7.1 STATISTICAL MODEL (ELLINGSON; RODGERS AND WALSHAW; GOLDMAN AND
KYLE)

7.1.1 SPECIFICATION OF THE MODELS

The model used by Ellingson (1972) for the calculation of radiative transfer is the Goody
random medel (see Section 5) with an exponential probability distribution of line intensities,
which gives, retaining some of Ellingson's notation:

_ ; 12
Ty, = x| €yt ac, ?) _ (262)

where (see Section 5)

1 n
Cy = a0y §{(Tg) (263)
o1
r~ n "2
S (T
1 Z}‘ (Tg)
4=
Co=1m 172 (264)
Z{Sl(TO)aLOi TO)}
i-1
- -

and the Lorentz line shape is implied. These expreesions are similar to the expressions in
the earlier work of Rodgers and Walshaw (1966) and C2 obtained from the work by Goody
(1964). The definitions of terms are as follows:

w = abgsorber amount
P = Pressure (atmospheresr)
To = standard temperature

half width for the i-th line at one atmosphere p_essure

=
u

number of lines in the interval, Ay

Ellingson's justification for the use of the statistical model is the success achieved by other
investigators, among the latest being the models of Rodgers and Walshaw (1966), and
Goldman and Kyle (1958).

218




-— :
ERM
FORMERLY WILLOW RUN LABORATOMES THE ONVERYDITY OF MICHIGAN

Goldman and Kyle, using the line peranieter data of Clough and Knelzys (1965}, compare
the results of calculations using band models and line-by-line integrations of the 9.6 um band
of 0 and the 2.7 um band of H 0 vapor. The calculations of Goldman and Kyle employed the
random model, with an exponcntial probability distribution at 9.6 um, and with an S~ llne

strength distribution at 2.7 um. The comparative accuracy cf the exponential and exponential -
tatled S—1 hand models are shown in a serizs of figures which are taken from the report by
Goldman and Kyle (1968). The band parameters were calculated as shown in Section 5. In
Figure 57, the line-by-line and model calculations are compared for the 9.6 um 03 band with
a spectral resolution of 1.3 cm'1 which corresponds in the line-by-line calculation to a square
sli*t function, and to which 1ls attributed the jagged nature of the curves. The other line param-
eters pertinent to Figure 57 are as follows: the line half width is (2t one atm) 0.08 cm'l,
temperature is 232 ¥, pressure ig 0.0197 atm, and path length is 24.47 cm. The line-by-line
calculation is displaccd upward by 20% from the model ealculation. Similar comparis ns are
made for 03 with a resolution of 2.5 cm"1 and for two different absorber conditions, .amely
(1) pressure = 0.0197 atm with path = 24.47 ¢m and (?2) pressure = 0.197 atm and patr = 2.447
cm. These comparisons are shown in Figure 58. In Figure 59, the intont is to show the simi-
larities betw.een the band models using the exponential and the exponeitial-tailed §™* distribu-

tions under physical conditions which are the same as those for Figure 58.

Goldman and Kyle ascertain that both the point-by-point accuracy of the curvet and the
accuracy integrated over the O3 band are good (see below), especially when the line-by -line
calculation is compared with the band model calculation using an exponential distribution.
For the upper curve of Figure 59, the integrated absorption for the two different types of

distribution compares as follows:

1068.7 27.63 cm'l, exponential distribution
AQ)dp =

995.9 26.32 cm-l, exnonential -talled s-1 dlistribution:

for the lower curves it is

1068.7 -1 .
J’ AW dy = 49.99 cm , exponential distribution
995.9 47.30 em ™!, exponential-tatled ™! distribution.

Specif:cally, they claim a disagreement of about 5% in each of these cases, whereas the band
mcdel calculation of the Integrated intensity with an exponential distribution agrees to within
19, of that cbtained in the line-by-line method. In fact, the agreement remains good for all
of the resolutions used. Goldman and Xyle attribute the agreement, at least partially, to the
high density of lines In the gpectral regior. Tables by Clough and Kneizys (1965) show that in

al.g cm'l interval, anywhere in the band, there are from about twenty to fifty lines.
219
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FIGURE 58. COMPARISON OF ABSORPTION SPECTRUM OBTAINED BY LINE-BY-LINE

CALCULATION, CURVES 1, AND BY TEE STATISTICAL MODEL CALCUL.A’I‘IONi

CURVES 2, FOR THE 9.6 ym OZONE SAND FOR Av = 2.5 cm"), ago - 0.08 em” atm“,

and T = 233 X; P - 0.0197 atra and w = 24 47 cm for the upper two curves while P ~ 0.197

atm and w = 2.447 cm for the [ower two curves. The line-by-line calculations are dis-
placed by 30%,. (Reproduced from Goldman and Kyle, 1968 [202].)
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FIGURE 59. COMPARISON OF TRANSMITTANCE OBTAINED BY STATISTICAL MODEL ) |
WITH EXPONENTIAL INTENSITY DISTRIBUTION, CURVES 1, AND WITH EXPONLNTIAL- :
TAILED S~ INTENSITY DISTRIBUTION, CURVES 2. Here Ay = 2,5 cm~*, T = 233K, and
afg = 0.08 cm~1 atm=1. p = 0.0197 atm, w = 24.47 cm for the upper two curves and P =
0.197 atm, w = 2.447 cm for the lower two curves. Curves 1 are ea:h displaced by 20,
(Reproduced from Goldman and Kyle, 1568 [02].)
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A similar treatment of the 2.7 um band of HZO vapor by Gouldn.an and Kyle yields the
curves of Figure 60. The temperature of the Hzo vapor was taken to be 1200 K for compari-
son with the results of experimental measurements [227]. The comparison in the curves of
Figure 60, however, is between the results obtained from the line-by-line and the band mudcl
calculations. The distribuvtion in this case was the exponential-tailed S'l, which the 2athors
claim gave better agreement than the exponential. The line parameters used wers those of
Gates, et al, (1964). The conditions for which the calculations were made were: temperature
1200 K, pressure 0.99% atm, path length 7.%5 cm. The resolution was 8 cm'x. The expres-

sion for the half -width used in the calculations is ap (1200 K, 1 atm) = 1.275 a, (300K, 1
H ' i

‘ atm). Calculation of the integrated band strengths gzave:

4103 .4
j Alv)dy =
3153.8 180.8 cm

181.3 cm'l, statistical model

'l, line-by-lire,

showing agreement to within 1%, Comparison with the laboratory results of Burch and
Gryvnzk (1962), however, showed a greater disparit; ,, as large as 10%, in a point-to-point
comparison. New values for the 2u2 {3150-~3400 cm” ) strength of Gates, et al. have been
suggested by Burch, et at. [228], indicating an Increase from 2.2 x 10 to 3.5 x 108 cm” /g

cm2,

Ellingson cautiously adopts the random model for the 15 pym band of CO2 on the basis
that the many overtone, hot and isotopic tands combine to "randomize’” the otherwise regular
nature of the region wiich contains the fundamental band.

7.1.2 SCALING THE PATH QUANTITIES (ELLINGSON; RODGERS AND WALSHAW)

In allowing for tlie non-homogeneous nature of the slant path through which the radiance
must be calculated, he uses the Curtis~Codeor apnroximation accerding to the method applied
by other Investigators (e.g., Rodgers and Walshaw, 1966) using a quantily of absorber, W,
scaled in temperature, and 2 mean pressure P, defined respectively by:

w(z, z') =J &(T) dw (265)
z

and

227. D, E. Burch and D. A. Gryvnak, Infrared Radiation Emitted by Hot Gases and Its Trans-
mission Through Synthetic Atmospheres, Report No. U=-1929, Philco-Ford Corporation,
1962,

228, D. E Burch, D. A. Gryvnak and R. R. Patty, Abcrption by HyO Butween 2800 and 4500
em=1 (2.7 Micron Region), Report No. U-3202, Fhilco-¥ord Corporation, 1965,
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FIGURE 60. COMPARISON OF TRANSMITTANCE OBTAINED BY LINE-BY-LINE CALCULATION,

CURVE 1, AND BY STATISTICAL MODEL CALCULATION, CURVE 2, FOR THE 2.7 um HzO BAND

FOR Av =8 cm™*, Here azo = 1,275 a°0 at 3C7K, 1 atm, T = 1200 K, P = 0.995 &tm, and w =

7.75 cm. The lire-by-lino calculation 18 displaced l;y 209%,. (Reproduced from Goldman and Kyle,

1668 [202].
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]

Plz, 2") = :-;Lz X(T)P dw (266)
where
dw = pgdz/u, and (P is in atmospheres) (257)
$om
om) - L (268)

Zsl(TO)
i=1

and

{- n 1/2 12
{Sl(T)aLOi(T)}

x(1) =| =2 72 (268)
Z{sx(To)“Lo (Ty) J
h-‘=1 l -

As did Rodgers and Walshaw (1966), Ellingson used an interpolative function for determinlng
&(T) and x(T), namely:

3() = exp {a(T - T + (T - Tp)?} (210)
and
X(T) = exp {a'(T - Tg) + bYT - 'ro)z} (211)

The values of a, b, a' and b' were determined from a fit of discrete values as obtalned by
Eqs. (266) and (269). A check of this interpolation procedure showed it to give sufficiently
representative values of the variables, within 5% of the results of exact calculations.

The comptilation of Benedict and Calfee (1967) in the region between 1000 and 2014 cm"l
was used to calculate the avarage band strengths which were applied to Eqs. (270) and (271)
for these vibration-rotation H20 vapor lines. The line strengths and widths were calculated
for the tempeiatures 220, 260, and 390 K and the summations performed for use in Eqs. (268)
and (269). The value of To = 260 was used in the calculation of the constants a, b, 2’ and b’ in
Eqgs. (27¢) and (271). Figure 61 depicts the functions & and X for 6 different intervals in the
regioa between 1000 and 2014 cm‘l, the 6.3 pm band of Hzo vapor. Where isothermal condi-
tions would be assumed the values of & and X would be fixed at waity. For the rotational 520
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FIGURE 61. THE TEMPERATURE CEPENDENCE OF & AND
X FOR SOME INTERVALS IN THE 6.3 um WATER VAPOR
BAND. (Reproduced from Ellingson, 1972 [11].)
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vapor band the unpublished data of Benedict and Kaplan (tabulated by Goody, 1954) were used
in the model formulated by Ellingson on the lines out to 640 c:n-l. From this point to the re-
glon whev2 the 6.3 um band absorbs exc. sively, the rotational band and the vibration-
rotation band of 6.3 um were combined and the lines submitted to Eqs. (270) and (271). Al-
ternatively, spectral data supplied by AFCRL were used in the 600-800 cm'l region where

greater resolution of parameters was required.

For ozone, the data of Clough and Kreizys (1965) were used in the spectral region 960 to
1180 cm.'l {9.6 um band). Unpublished data were used fos the 14 um band. The temperature
range for the calculation of & and X was 185 to 275 K to correspond to the temperature range
importart in the stratosphere to ozone. The value of TO was taken to be 235 K. Calculated
values of @ and X for the 9.6 um band of ozone are shown in Figure 62. The constant value
0.07 was used for the ozone half-width, as it was by Goldman and Kyle (1968).

The poeitions and strengths of lines tabulated by Drayson and Young (1967) for CO2 in the
region tetween 503 and 860 cm‘] were used to calculate the necessary parameters at temper-
atures of 175, 200, 225, 250, 275 and 300 K. The weak lines in these tables below 520 cm'l
and above 840 cm'1 were neglected. It is to be noted here, incidentally, that these parameters
have been upgraded in a more recent publication,Drayson (1973). The increase in reliability,
however, 1s not sufficient to result in any significant changes in the results computed by
Ellingson. A constant half -width value of 0.102 cm'l was used for the calculation of & and X.
The six temperatures listed above were used to obtain a best fit to the data, with TO = 250 K.
Values corresponding to the indicated band of CO2 for & and X are shown in Figure G3.

7.1.3 MODEL FOR CH 4 AND Nzo (ELLINGSON)
Ellingson apparently had no data avallable at the time of his investigation on the 7.7 um
band o! methane and the 7.8 ym band of HZO. He resorted to the use of an earlier popular

empirical model [228] given in the lorm:
T=exp - (Csﬁﬂn ‘ ~ (212)

with n = 0.46 for CH 4 and n = 0.48 for Nzo, as determined by Green, et al. for the 7.8 um

band. Compare the expression in Eq. (272) with that given by Green, et al., to wit:
\.‘

7=exp - (w/w)" ‘

-where, for a fixed temperature,

229. A. E. 8. Green, C. Lindenmaeyer and M. Griggs, "Molecular Abeorption in Planetary
Atmoephere,” J. Geophys. Res., Vol. 69, No. 3, 1964, pp. 493-504.
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FIGURE 62, THE TEMPERATURE DEPENDZINCE OF & AND
X FOR SOME INTERVALS IN THE 9.6 um QZ0NE BAND
(Reproduced from Ellingson, 1972 [11].)
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w' = W(PG/PG)

with

Pe=l»"+(13-l)pa

in the usual way. Ellingson effects censistency with this formula by calculating w and P
{Eqs. (265) and (266)) with & and X equal to unity. The graphical results of Green, et al.
were used to compute C3 for the particular model and resolution set by Ellingson.

7.1.4 SPECIALIZATION TO HIGH ALTITUDE (ELLINGSON)

It has been emphasized that the Lorentz profile inadequately represents the proper con-
ditions above those altitudes for which the Doppler profile dominates. Ellingson's model is
accurate for upwelling radiation only to 30 km, since he assumes the validity of the Lorentz
line shape, stating, however, that this does not serlously limit the accuracy of the calculation
of the down-welling radiatiorn; and suggesting a method {Gille and Ellingson, [230]) for correct-
ing the atmospheric transmittance by making a correction to that calculation using the Lorantz
line shape. Thus, for the mixed Doppler-.orentz, or Voigt, profile equivalent to the trans-
mittance using only Lorentz, the expression is:

TvETL (273)

where 7, = transmittance using the Lorertz shape

T, = transmiitunce using the Voigt shape

= XV/K'L

= mean absgorption of a line with Voigt shape

O <

where KV

KL = mean absorption of a line with Lorentz shape
By defining:

h= ZaL/aD (274)
and

H o 2T (275)

230. J. C. Gille and R. G. Ellingson, "Correction of Ranom Exponential Band Transmiszlons
for Doppler Effects,” Appl. Opt., Vcl. 7, No. 3, 1868, pp. 471474,
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and using these expressions, Gille and Ellingson obtain an expression (see Gille and Ellingson,
1968):

C=C(H, h) = [I(H, h)(2¥ + %4 2] / ¥ (276)

in which ¥, = S,w/2ra, (see Eq. {281), Section 5), and I(H, h) is deduced from the line
0 "0 L

properties.

Thus, for the downwelling radiation from space in which the Doppler effect predominates,
by neglecting variations in temperature, the non-homogeneous parameters w and P, Eqs. (265)
and (266) can be calculated for a variation in height from some arbitrary level to space, set-
ting &(T) and x(T) equal to unity. Using the hydrostatic equation:

dP = -gp, dz

the values of w and P are obtained as follows:
- fco ] ro 0 )dp'
w=| dw =I p dz'=] M(z"p, dz'= -J’ M(P'")—
z z g Jz a P g

where bg = density of the absorbing gas
Py = density of air

M(z) = mixing ratio, assuiaed to be constant
g = accelcration of gravity

Thus:
- PSM(A)P(z) .
W = e (277)
g
where P(z) = is in atmospheres
P 8= pressure at one atmosphere
Alsc:
T 1 (@ 1 (© 4P
P=m=| P(z)dw==| P(z)p dz'= «a]| M{z)P(z) —
WS, wl, g w'/p g
So:
- Ha (278)
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The parameters h and H for the non-homogeneous case then become: S
)
f= —:‘—OP(Z) (279)
D
and iy
a, \P -
fl- Vn_Cz(—Iig-)—sM(z)P(z) (280)
apn/ &

All of the quantities In these equ: ‘lons are easily obtained except for the value C2 which must
be calculated from Eq. {264). Having obtained the values h and H, the value C is obtained D
from the values tabulated by Gille ana Ellingson (1968). Table 26 shows the values used to o ‘
provide corrections tabulated in Table 27.

7.1.5 ELLINGSON'S 57- AND 100-INTERVAL MODELS ) ""'—\ !

Ellingson (1972) presents two models, one derived from the specification of 57 different 2
spectral intervals over which calculations are made in the spectral region from 0 - 2814 cm'l
(see Table 28); and the otker derived from the specification of 100 spectral intervals to make \ \"
uo for deficiencles caused by the coarseness of the §7-interval model. The 106 -interval ; ?
model resulted from a need to reproduce the effect of the detailed structure of the tind cen- o
ters at 9.6 um for 03 and 15 um for COZ' The early data of Drayson and Younyg (1967) for
CO2 are delineated in 15 regions as shown in Table 24. The region o~tween 600 and 800 cm ™~
was divided into 33 intervals as demonstrated in Table 29, Thus, the Q-branches of the most
intense bands (numbers 1-4 in Tab'e 24) are concentrated in intervals numbered 19, 29, and
39. The widths of these intervals are small, whereas the widthg of other intervals nut con-
taining strong Q-branch lines are larger and, as Ellingson points out, could be Jarger still
without greatly affecting ihe average transmittance at those frequencies. The same ntervals
given in Table 29 are used for 03, but for HZO' which has fewer lines in the 660-800 cm"l
region, coarger intervals were used as shown in Table 30. When using the transmittance cal-
culated from values in these intervals, the values for CO? and 03 were summed to yleld an

1

A

average value over the larger interval. -

Finally, the O3 specirum 9.6 um was divided more finely than th2 HZO spectrum in the
region between 1000 and 1180 cm'l as shown in Table 31. No attempt was made, however, to
concentrate the Q-branch in a small interval ag was done for CO?. Taking the sum of all the
intervals, it is noted that the 100-interval model is made up of the following:

A\ = 0-600 cm ™} in 15 intervals from Tablc 28

AX = 600-000 cna~L in 33 intervals from Table 29
A = 300-1000 cm™}  In5 intervals  from Table 28
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TABLE 28. SUMMARY OF PARAMETERS NECESSARY TO CALCUATE
APPROXIMATE CORRECTIONS OF THE TRANSMISSION FUNCTIQ:™ FOR
DOPPLER EFFECTS. (From Ellingson, 1972 {i1j .}

Yo L0 apo M(z) Ca
Gas cm-1 em-! em”1 gm/gm  cm2/gm H
Water 400 0.1 6.80x10°% 20x10®  16® 365x10°
vapor
-3 -5 5 3
Qzone 1040 0.07 1.09 x 10 10 10 1.17x 10
Carben 667 0.102  7.33x10"% 4.84x 107 7.6x10°  9.38x 10°
dioxide
TABLE 27. APPROXIMATE CORRECTION FACTORS FOR
THE RANDOM EXPONENTIAL BAND MODEIL FOR DOPPLER
EFFECTS. (From Ellingson, 1972 [11].)
Correction Factor
Altitude Pressure
(km) (mb) P H2O 8_.'1 COZ
30 12.0 0.011800 1.6004 1.002 1.0000
35 0.8 0.065700 1,0010 1.014 1.0004
40 2.9 0.002800 1.0090 1.044 1.0030
a5 1.5 0.001480 1.0220 1.136 1.0130
50 c.8 0.000789 1.0940 1,500 1,0480
60 0.2 0.00019%7 1.8000 4,000 1.4300

1-
30 -
32 -

Interval No.

29
31
56

57

1972 (11].)

Range (cm'l)

0 - 1160
1160 - 1200
1200 - 2200
2200 - 2814

23

2

TABLE 28. WIDTHS OF SPECTRAL INTERVALS
FOR THE 57 INTERVAL MODEL. {From Ellingson,

Width (cm'l)

40
20
40
614




2 E Hiv"
FORMERLY WILLOW RUN LARORATORIES. THE UNIVENSITY OF MICHIGA N

TABLE 29. FINE SCALE DIVISIONS OF THE 15 um
CARBON DIOXIDE BANDS FROM 600 TO 600 cm-1.
(From Lllingson, 1972 [11].)

Interval No. Range (cm'l) Width (cm'l)
16 - 17 600.0 - 610.0 5.0
18 610.0 - 615.5 5.5
19 615.5 - 618.1 2.6
20 618.1 - €25.0 6.9
21 - 27 625.0 - 660.0 5.0
28 660.0 - 665.5 5.5
29 665.5 - 668.2 2.7
30 668.2 - 675.0 6.8
31 -37 675.0 - 710.0 5.0
38 710.0 - 718.0 8.0
39 718.0 - 721.0 3.0
40 721.0 - 730.0 9.0
41 - 46 730.0 - 760.0 5.0
47 - 48 760.0 - 800.0 20.0

TABLE 30. SPECTRAL INTERVALS USED FOR WATER
VAPOR IN THE 600 TO 800 cm~!. (From Ellingson,
1972 [11] .)

17 600.0 - 610.0
20 610.0 - 625.0
23 625.0 - 640.0
25 640.0 - 650.0
27 650.0 - 660.0
29 660.0 - 668,2
31 668.2 - 680.0
35 680.0 - 700.0
37 700.0 - 710.0
39 710.0 - 721.0
42 721.0 - 740.0
46 740.0 - 760.0
47 760.0 - 780.0
48 7892.0 - 800.0

233
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AX =1000-1180 cm ™’ in 20 intervals  from Table 31
A\ = 1180-2814 cm™!  in 27 intervals  from Table 28

7.1.6 TRANSMITTANCE IN THE CONTINUYUM REGION
The local H20 vapor lines are accounted for in the model, as shown mt Table 32, which
also shows the spectral regions of pertinence to the other gases, as well as a comparison
- with the analogous constituents in the work of Rodgers and Walshaw (1966). For the continuum
region, in which the absorptance is caused by the wings of distant lines, Ellingson uses the

empirical formula:
Ty = €XP (-kcw P+ kew p) (281)

where kc and k ¢ 3Te mean values of the foreign- and self -broadening coefficient. The value
p is the weighted partial pressure of H20 vapor, analogous to P, so that:

=
-z ~|pnd
p P

7.1.7 CALCULATIONS OF HEATING RATES (ELLINGSON; RODGERS AND WALSHAW)

Ellingson applies the mathematical model, formulated through the above considerations,
to the calculation of the radiztive heating rate as a function of height in the aimosphere. The
approach he takes, both in the formulation of a transmittance model and in the application to
the calculation of heating rates is quite similar in many respects to the investigation by
Rodgers and Walshaw (1966); so much so that, excluding results and the finer details, the
work by Ellingson will be considered essentially representative in a first approximation to
that of Rodgers and Walshaw. The fine details of the latter .nvestigation, therefore are cited
only by reference. Calculation of the heating rate requires a knowledge of the upwelling and
downwelling flux density at any point, and is given as the derivative of the net flux: '

dM (z)
M'(z) = - d’; (282)
where:
Méﬂ:MHﬂ-M%ﬂ (283)

is the net flux density at z. The radiative transfer equation is set up in such a way as to sim-
plify the computation involving derivatives of the transm!:tance function as much ag possible.
Retaining some of Ellingson's nomenclature, the more-or-less orthodo:f method of represent~
ing the radiance at z in a direction u is given by:
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TABLE 31. FINE SCALE DIVISIUNS OF THE SPECTRUM
BETWEEN 1000 TO 1180 cm™1. {Xrom Ellingson, 1972 [11] .)

Width (cini).

Interval No. 03  Hp Range
54 - 57 5 20 1000 - 1020
58 - 61 5 20 1020 - 1040
62 - 65 5 20 1040 - 1060
66 - 69 5 20 1060 - 1080

70 20 20 1080 - 1100
7 20 20 1100 - 1120
72 40 40 1129 - 1160
mn 20 20 1160 - 1180

TABLE 32. A COMPARISON OF THE SPECTRAL CHARACTER-
ISTICS OF THE RCDGERS AND WALSHAW (1966) AND 100-
INTERVAL MODELS. The Rodgers and Walshaw and 160-iaterval
models are denoted RW and 100, reapectively. (From Ellingson,

1972 [11].)

Active Frequency Number of Type of
gas range gpectral intervals  spectral data Model
Water 0 - 1000 10 Theoretical RW
vapor 34 Thenretical 160
1000 - 1200 1 Empirical RW
9 Theoretical and 100

laboratory

1200 - 2200 9 Laboratory RW
25 Theoretical 100
2260 - 2814 i Theoretical 100
Carbon 582 - 752 1 Theoretical RW
dioxide 590 . 540 36 Theoretical 100
Ozone 610 - 800 31 Theoretical 100
960 - 1180 21 Theoretical 100
Methane 1200 - 1400 ] Laboratory 03
Nitrous 1280 - 1400 3 Laboratory 16

oxide
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N . z '
Lv(v, z, +u) = L:(v, 0)v, 0, +u) +J’0 L;(v, z')g-ﬂ'—”-éi-iﬂdz' » (284)

for the upwelling radiance (see Section 2), where L:(v, 0) is the Planck function representing
the surface, and the emissivity of the surface ig assumed to be unity. The downwelling ra-
diance is given by:

L (v, 2, -u) = 'FL;(V. z')‘ﬂ‘-"a:—.'—'ﬂdz' (285)
T
By integrating over the spectral interval, Ay, Eq. {284) becomes: —
- 1 , A (v, 2', +u)
LAV(V' z’ +“) = ’AV M (Vp O)T(V’ 0, *#) + M (V’ )——d—z—r———dz (286)

_and similarly for the downwelling radiance. Implicit in Eq. (286) are the statements:
M* = 7L* o (287) !

Tz =g ) Tz wd | (288)
14 :

with 7 A the band model calculations of transmittance in the different spectral regions, for
the different gases. It is to be noted in all of the above equations tlat 7(y, arg, . . .) denotes
transmlttance between the level z and that shown in the argument (arg) The derivative of the
transmittance in Eqs. (284) and (285) can be removed in aa integration by parts, and the up-

welling and downwelling flux densitles evolve respectively as:
TR Py -z_ wdM*(z' - * ‘
Mjte) < ') - [ 7,0 20 B e -7, 0, 0@ - M) (269)
and

Mt(z) =M*(z) + I:T;Av(”’ z')g—wd%.z-')dz' - ;Ay("' zT)M(zT) (290)
where Zp is the top of the atmosphere. Note that an allowance is made, as it 18 by Rodgers
and Walshaw (1966), for a discontinuity at the surface, as indicated by the term [M*(0) -
M(0)], between the surface and the atmosphere above the surface. A similar term could have
been included for radiation coming in from above the at.nocphere, as it is by Rodgers and
Walshaw. In Eqs. (289) and (280) the value of 7 integ rated over zenith angles is given by:

1t

- '
TAV(V, z')

1
2njo 7o, 2wl du (291)
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The heating rate is thus given by:

dr, (v, 0) d7 , (v, z.)
-dM(z) _ -V Ay °T
5 = -[M*(0) - M(0)] —-—‘éz M(z.p) —=5——
zd7, (v, 2" \ zd7r, (1, 2") ,
[ e [T D sz

All that is needed, therefore, to calculate spectral radiance are the inputs to Eqs. (284)
and (285) {or their equivalent as represented by Eq. (286)), which requires a knowledge of the
Planck function or its declvative, and the transmittance function or its derivative. Similarly,
from Eq. (282), the heating rate is calculated using the same function. As was shown pra-
viously, the transmittance is analytically expressed in terms of the Goody model (Eq. (262)),
the Bignell model for HZO contimum (Eq. (281)), or the Green, et al. model for CH4 and NZO
(Eq. (272)). The derivatives of these expressions are fairly straightforward, yielding from
the expression:

d7, v 2 w) d7, (n 2% u) g,

dz dw dz (283)

where dw/dz = pg/u for the slant path, Since ;Av is implicitly a function of w and P, the

derivative of ;Av can be expressed as:

Yo v — ', — > ..
dr, (v, 25 -u) _ arp (v zhin) o 97, (1 2 ) a7

aw v aw b dw (284)
with
dw _
aw - &(z) (205)
and
S = Sx(2IP(2) - #(2)P) (296)
w
Differentiation of the expressions for ;Av from the three models then yields:
1. Goody Model
dr, (v, z';u) —\-3/2 C.w. (z)P(z)
Ay’ - w 27Xx
—_—e— = <C. ¥(z)7 , (v, 2'; u)(l +C —) 1 4 ———— {297)
dw 1 Ay’ ©o 2p 2P2¢(z)
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2. HZO Continuum

dr, (v, 2" ) _
_Al'_d_w___._ = ~P(z)x(2)7 , (v, 2"} n)(kc + keppi(%)

= -P(z)?m’(v, z"; u)(kc - ke p(zz)) for x(z) = 1, Le., T = const. 1298)

3. 21-4 and N20

el te
dvm,(v. z's i)

prem = -CanP(z)X(z)?Av(u. z'; u)(CsF?)" -1

= -csnp(z)? Av(v, z'; p)(cﬁ )’ -1 for x(T) = 1 (299)

In order to performa the calculation, Ellirgson derives an expression for the spectral
Planck function integrated over 5 cm"1 intervals for 14 temperatures spaced apart by 10 X
from 180 K to 310 K. A fifth order polynomial was fitted to the resultant vaiues an4g the final

expression is:
8 i
M(T) =Zgri(’1‘ - 260) (300)
1=0

Integration over the variable u is avoided by using the well -known diffusivity factor of

Elsasser [231], given as r = 1.667.
Ellingson's physical model was a plane-parallel atmosphere made up of 100 levels for
computation. The calculation of radiance, and hence fluxes and cooling rates, then amounts

to the integration over a series of layers, represented in general by:

z [2 ‘
[t 2 B2
2z
z
)|
where the integration is made to some prescribed level Z and is carrled out in Gaussian

quadrature for N(=2) as:
-z, 2N dr

37 i 259 (),

i i
The W's are the Gaussian weights and the hi's are the values In the Gaussian formula cor-

responding to specified altitudes, calculated from:

231. W. M. Elsasrer, Hezt Transfer by Infrared Radiation in the Atuiosphere, Regort No. 6,
Harvard University, Cambridze, 1942,
238
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Z, +2 Z -2
hy =gt Bz, (302)

where the z.'i are the Gaussian nodes. The values of tlie atmospheric parameters used as in-
put to the calculations are obtained from radiosonde measurements of temperature, pressure
and humlidity. In Ellingson'c work the zj's are actually calculated as scale heights, Hj, given
as H = -2nP. His methad of the specification of atmospheric parameters is not treated in
thig section. Inlegrations were made over a series of 99 layers in the atmosphere from the
surface to 60 km. Details of the structure are shown in Table 33. The limit of 60 km was
imposed for the purpose of making comparisons with satellite data.

In comparing his resulta with measured data, Ellingson averaged spectral radiance
values from Nimbus 3 data cver an irterval of 20 cm 1 or less. His calculated values were
averaged by a square slit function. The comparisons are shown as histograms 1n Figure 64.
Tables 34 and 35 tabuiate comparative values and show some of the statintics related to these

comparisons.

7.2 USE OF THE QUASI-RANLOM MODEL (KUNDE, HAURWITZ)

Kunde (1967b) has applied the quasi-random model to the radiative transfer equation for
thermal radiation superceded later by the direct integration methed (Kunde and Maguire,
1973) as described in Section 6. The method is degcribed in detail by Wyatt, Stull and Plass
(1962a) for the H20 molecule, and by Stull, Wyatt and Plass (1963) for the CO2 molecule,
which references must be consulted for an in-depth understanding of the procedure. For the
reader whu wants only peripheral information, a short description is given here, as applied
by Kunde to H20 and coz.

In accordince with Goody's (1964) developinent, the average value of transmittance in the
range -1/2Nd to +1/2Nd for the random model is:

+1/2N
if (dvl/d) exp (-w'k l)
_ f7-vew Y
T =

N Jul»l/2N

(dvi/ d)

= J-1/28

One nbjection to the use of the randoin moedel ig that the distribution of lines over the width
considered for Ay = Nd s not actually rzidom, nor is the Interval of integration Infinitely
wide, an approxim~tion which had to be agsumed ag a necessary manipulation of the expres-
sion. Thus, for any chosen interval, the effect of lines outside the interval is not accounted
for. The non-rarcomness of the lines, furthermore, causes different effects depending on
how the lines actually became arranged. U they were actually more regular than randomness
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TABLE 33. 1HE SPACINGS OF THE LEVELS OF COMPUTATION
IN THE RADIATIVE TRANSFER MODEL. (From Eilingson, 1972 [11].)

Altitude range (km) Thickness of layers (km)
0-12 0.3
12 - 30 0.5
30 ~ 48 : 1.0
48 - 60 2.0
240
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FIGURE €4. THE IRIS OBSERVED AND 100-INTERVAL MODEL CALCULATED SPECTRALLY
AVFRAGED SPECIFIC INTENSITIES. The smooth curves give values of the Planck function
for the indicated temperatures. (Reproduced from Ellingeon,1972 [11] .)
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FIGURE 64. THE IRIS OBSERVED AND 100-INTERVAL MODEL CALCULATED SPECTRALLY
AVERAGED SPECIFIC INTENSITIES. The smooth curves give values of the Planck function
for the indicated temperatures. (Reproduced from Ellingson, 1972 [11].) (Continued)
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(c) June 4, 1969

FIGURE 64. THE IRIS OBSERVED AND 100-INTERVAL MODEL CAJ "YU LATED SPECTRALLY
AVERAGED S?ECIFIC INTENSITIES. The smooth curves give valu-.: of the Planck function
for the {ndicated temperatures. (Reproduced from Ellingson, 1972 [11].) (Continued)
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(d) June 8, 1969

FIGURE 64. THE IRIS OBSERVED AND 100-INTERVAL MODEL CALCULATED SPECTRALLY
AVERAGED SPECIFIC INTENSITIES. The smooth curves give valuea of the Planck function
for the indicated temperatures. (Reproduced from Ellingson, 1972 {11].) (Continued)
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FIGURE 64. THE IRIS OBSERVED AND 100-INTERVAL MODEL CALCULATED SPECTRALLY
AVERAGED SPECIFIC INTENSITIES. The smooth curves give values of the Planck function
for the indicated temperatures. (Reproduced from Ellingson, 1972 [11].) (Corcluded)
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TABLE 34. PERCENT DIFFERENCES BETWEEN OBSERVED AND CALCULATED
UPWARD INTENSITIES FOR THE FIVE COMPARISONS. (From Ellingsun, 1972[11].)

Frequency Pervent dif.'ercnce frcm observed
range Compasison number
{cm-1) 1 2 3 L 5
400-4ko -2.38 ~2.68 - .33 -3.10 -2.19
4ho-L8o ~1.89 -1.85 ~1.h) -4.16 -b. 42
480-520 - .90 7 - .92 -2.33 -3.12
520~560 1.53 2,90 .53 ~ .6k -1.85
560-600 .33 1.38 - .20 -1.46 -2.04
600-640 5.52 5.8 L.l 3.51 4.36
640-660 3.60 L.37 3.15 1.69 L.00
€60-680 3.39 1,86 3.5 2.81 4.98
680--700 6.65 8.23 L.7h L.55 8.23
700-ThO 2.60 3.58 2.06 .78 2.21
TL0-T760 - .58 .33 - .10 - .96 -1.80
767-790 1.33 1.25 C.11 -1.hk k.28
780-800 Ny .29 ~1.39 -2.58 -6.11
800-840 1.72 1.87 .61 ~ .82 k.11
8L0-880 1.69 1.24 .82 - .51 -3.83
880-920 2.32 1.53 2.25 b9 -2.k5
920-960 2.6L .91 2.18 97 =2.05
960-1000 3.22 1.40 3.20 1.39 - .65
1006-1040 -L.66 -6.99 ~-3.46 -5.25 -5.70
1040-1080 ~3.30 -6.36 -2.34 -3.93 -~b.10
1080-1120 3.38 .53 2.51 18 -1.57
1120-1150 .80 1.45 1.51 .12 -1.19
1160-1180 1.82 .60 1.72 1.92 ~2.52
1180-1200 3.25 3.59 1.88 . 1.69 ~2.55
1200-1240 2.37 2.28 3.ko .91 1.87
12h0-12830 1.36 5.34 3.82 -1.81 -3.16
1280-1320 1.8 1.03 1,59 -4.38 -T.47
1320-1360 .63 k.92 10.06 -1.k8  l10.23
1360-1460 ~19.02 ~10.32 16.81 -15.23 -18.20
Totals ’
L00-140n 8 .90 1.12 - .85 .2.26
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TABLE 35. SOME STATISTICS ON THE OBSERVED AND CALCULATED UPWARD .
INTENSITIES. (From Ellingson, 1972 [11].) ’
Frequency Mean intensity Standard dev.ation
range {ergs co-lsec Percent (ergs cx-1 sec
{co-1) steradian~l) difference steradian-1)
Obgserved Calculuted Observed Calculated ’
Loo-L¥o  97.03 94.96 -2.1k 2.08 2.01
Lko-k80  103.15 100.02 -3.04 1.96 2.13 '
«80-520  1l0.20 108.77 -1.30 1.75 2.b2
520-560  116.91 117.by b9 1.62 2.96
5€0-600  107.17 106.75 - .39 1.23 2.°%
607-640 75.73 79.33 L. 76 R} .87
6L0-660 L6.u2 47.98 3.36 .19 .35
660-560 18.59 50.49 3.89 .28 .29 ,
680-700  143.59 46.40 6.47 .53 w —
700-7% 7.k 1617 2.26 .50 Y2 I
T40-T60 101.79 101.16 - .62 .15 1.01 s
760-760  117.9% 117.29 -.55 L2 2.84 o
780-8u0  115.02 112.87 ~1.87 1.12 2.88 , .
!
800-8u0 116.75 116.56 - .16 1.34 2.62 ;
8L0-880  111.67 111.53 - .13 1.32 2.41 , i
880-920  106.30 107.18 42 1.50 2.1 TR
920-960  100.06 101.10 1.0k 1.68 1.93 R
960-2000  91.72 93.28 1.10 1.54 1.7 '
1000-1040 64,34 60.98 -5.23 1.57 1.02
10ko-1080  61.83 59.38 -4.,03 1.78 11
1080-1120  T1.68 72.48 1.12 1.4k 1.66
1120-1160  64.80 65.15 .5h 1.28 1.66
1160-1180  58.52 568.94 Y 1.19 1.73 e
1180-1200  55.57 56.LL 1.58 .57 1.68
1200-1240  49.59 50.65 2.16 1.00 .93
12k0-1280  31.89 32,23 1.07 .88 1.05 ’
1280-1320  22.82 22.47 -1.51 .51 .95
1320-1360  20.81 20.92 .50 1.24 | 1.05 ; ‘
1360-1400  1k.59 13.03 -10.6L 2.03 .82
Totals ,
%00-1ko00 76.29 76.05 - .05 .83 1.:8 ) ,
: ‘.//
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would imply, then the assumption of randomness would incorrectly accentuate overiap. On
the other hand, there are cases where the clumping of lines occurs, for which absorption is
complete on' r in the region of the clump. An assumed random distribution of these same
strong lines uviten causes the calculation to yield erroneously high absorption.

The quasi-random model obviates these discrepancies to a large extent (Wyatt, Stull and
Plass, 1962). By making the interval Nd(=Ay) considerably smaller, say 6, the randomness
of the distribution of lines within & is more likely to be a reality. The interval can, of course,
no longer be considered infinitely wide, nor can the number of lines be counted as infinitely
great. Thus, no simple approximation to the irtegral can be made. The sub-intervals, 61"
are all part of the larger interval, 4p, and each of the sub-intervals, 6r, contains n lines
with centers at vl(i =1,2,..., nr). In analogy witn the rundom model, therefore, the aver-
age transmittance at the frequency (taken for convenience at the center of the interval) iz:

n

n
) o
'rr(v) = —LHJ exp [-k(v, vi)w] dui ‘ ' (303)
8 F =1 Or

as shown in Section 5. Wyatt, et al. (1962) ascertain that Eq. (303) corresponds to the aver-
age transmittance over the interval, or’ inasmuch as it represents the average of the permuta-~
tions of n. positions of the spectral lines in the interval.

In accordance with Eq. (190) in Section 5,

® 5 n

i
EROE l I H %—L exp [-5,wbly, v)]dy, (304)
j:

i=1 j

Thus, in the calculation for 7 r the direct contribution, i.e., the contribution from those lines
in the interval containing v, occurs for § = r. The wing contributions occur for all of the re-
maining intervals in which j # r,

Essentially, except for the complexity of the calculation, Eq. (304) represents the average
transmittance at y due to a chosen molecule for which the line parameters are known. Wyatt,
Stull and Plass showed schematically, however, that the arbitrary choice of a boundary be-
tween two intervals *an cause unnatural differences in the average trangmittance between the
two intervals. They proceeded to offzeot this error by merely calculating the transmittance
for the given interval, and for the irterval shifted to either side of the given interval. The
shift was equal to one-half the size of the interval. The transmliitance was weighted accord-
ingly. Thus the calculations involved a set of unshifted intervals, 6% and a set of shifted in-

i
tervals, ojs, yielding:

- To) = fo 0 - O/D T )+ T v+ 0/2)] (305)
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where the superscripts u and s refer respectively to the unshifted and ghifted set of intervals,

or meshes.

The basis for the calculation is the integral in Eq. (304), which is the average trarsmit-
tance due to the line simulated in the i-th decade for the j-th interval. If the Lorentz shape

is assumed, the expression:

l —
Efo exp [-Slwb(v, vl)] du‘

yields
1 2
(V) = 5 exp | ————51dn (306)
i 2 . 2 2
{ € -n"-p

where Ei = Siw/rmrL

[ ZaL/d
n=2/0
€ =22/8

Y=oy &/2

z2=v-yy-8/2
and the interval over which the integration is performed has the bounds (uo, vor t 8). The
reader is referred to the report by Wyatt, Stull and Plass (1962) for a delineation of the
analytical solution to Eq. (306). Young [232] has demonstrated an expression analogous to
Eq. (308) for the Doppler line chape:

_ \ Fﬁ}w(!n 2)“’/2 v - ul)z M2
W=g) e -y i~ 7| %
i op’ “p

which is given by:

_ 1 +1 [ n?
r‘(v) = -2—J. . exp -E; exp |-~ dn (307)

where:

232. C. Young, A Study of the Influence of Carbon Dioxide on Infrared Radiative Transfer In
the Stratosphere and Mesosphere, Report No. 04682-1-~T, Urdversity of Mlichigan, Ann
Arbor, 1964,
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Seapl
2a(fn 9)}/2
B = P

Considering the complexity of the analyticzl form of the expression for the Lorentz
shape, and the lack of an expression in analytical form for the Doppler and mixed shapes,
Young designed a numerical technique using Legendre-Gauss quadrature for evaluating -
Eqs. (306) and (307). He did so by dividing the integration interval into seven sub-intervals

comprising:
y = 0.0, 0,001, 0.005, 0.01, 0.05, 0.1, 0.5, 1.0

and applying the seven-po.nt quadrature formula. Young claims to have obtained the same
values for Eq. (306) as Wyatt, et al. obtained using the analytical technique. Kunde (1967b)
used Young's technique in his theoretical computations of outgoing infrared radiance, except
that he applied the eight-point instead of the seven-point quadrature formula. He claims to
have obtained agreement with the values derived from the analytical form to within six sig-
nificant figures. He also showed (see Table 36) that the assumption by Wyatt, et al. (1962),

in which they evaluate the average transmittance at the center of the interval in the direct
case as represgentative of the average value in the interval, is invalid when the average trans-
mittance at the center is compared with that at the lower boundary of the interval. He sug-
gests, however, that the averaging by shifted meshegs helps validate the assumption.

The evaluatio:: of tie contributions of the wings of lines outside the interval is simpler
than that of the direct contribution, but is still complicated, especially by the fact that, as
suggested in other work [233}, the simple Lorentz line shape must be modified (see Section 4).
Since, for the wing contrioution, the approximation az <<(p - VQ)2 can be made, the éxpres-
sion for the wing effect becomes (for the unmodified line): ’

1 2

- 1 P Ei

'rl(v) =5 exp 3 | dn (308)
-1 (€ -m) :

and (for the Benedict-modified line):

_ 1 +1 Aﬁip2 exp - {a(6/2)b|e - ?.’lb}.
T(M=31 exp- ( 2 dn (309)
€~1

-1

233. W.S. Beredict, et al., "The Strengths, Widths, and Shapes of Lines in the Vibration-
Rotation Bands of CO," Aetrophys. J., Vol. 185, No. 1, pp. 277-207.
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TABLE 36. AVERAGE TRANSMITTANCE AT CENTER AND BOUND-
ARY OF SUBINTERVAL 8. (From Wyatt, et al., 1962b [195] )

ol
0.001
0.01
0.1
1.0

10.0

£

0.05
0.05
0.05
0.05
0.05

FORMERLY WILLOW RUN LABORATOHR £S5, THE UNIVERSITY OF MICHIGAN
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T(ve)
0.3724
6.8454
0.5413
0.0897
0.0

T{(vg)

0.9850
0.9202
0.7464
0.3544
0.1108

e e e




B T

BERAN 5, 2% 10 ORF 20 o L ek i

ER

FORMERLY WILLOW RUN LABORATORIES, THE UNIVERSITY OF WICHIGAN

where a = 0.0675
b = 0.7

A is a constant which makes the unmodified and modified forms continuous at | v - "ll = 0.
The above are the values of the constants suggested by Wyatt, et al. The values suggested by
Winters, et al. (1964) are: a =0.08 and b = 0.8. Unlike Wryatt, et al., who 2gsume an average
trangmittance in the interval equal to the transmittance at the center of the interval (obtaining
(V)=17 n (V)H'rn‘(v), with the first and second terms respectively the direct and the wing

=j .
contributions), Kunde applied 8-point Legenire-Gauss quadrature over the interval 7 = -1 to
1 = +1 in Eqs. (308) and (309). Differences are evident between the values calculated by the
two different methods, especially for the interval adjacent to the one in which the transmit-

tance is obtained.

Contributions to a given frequency from the wings extend infinitely far on both sides, so
that some criterion is used to determine the points in the wings beyond which the calculatinns
ar2 terminated. These points coincide with the values + and M for which the transmit-
tance 7(v) = 0.999. Using only the strongest intensity decade, the transmittance at v can be

written

A .
T = {exp (:9—’5)}
lel

where £and n correspond to the strongest decade. Setting 7(v) equal to 0.999 and calculating
for ‘:l (see Kunde, 1967), the result is

2
€M = const-P-w

This expression is valid for the unmodified Lorentz line. An analogous expression can be ob-

tained for the modified line.
3

Values for EO(=§P0”|”°LO) and for n have been tabulated for 5 cm~! wunshifted and shisted
meshes for H20 vapor at 300, 250 and 200 X between 1000 and 10,000 cm'l (Wyatt, et al,,
1962). In the same repori, the values of transmittance were calculated for different condi-
tions. A list of these conditions is given in Table 37. Similar expressions have been calcu-
lated for CO2 between 500 and 10,000 cm'1 (Stull, Wyatt and Plass, 1963). Table 37 also lists

\
1

the tranamission calculatii‘)ns that were made for CO2 by the same autliors. The reader is
referred to the original re‘forts for the mammcth sets of tables from whici the determinations

*Note that 5 cm'l is too large for some regions, e.g., near Q-branches. Hence, the cal-
culated absorption is too large.
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of atmospheric transmittance can be made. In consideration of the recent set of line param-
eters available (McClatchey, et al., 1973), it may be more accurate for one to compile his own i
sct of data, which would be a lengthy but relatively uncomplicatad task using the procedure
which is well detailed by Wyatt et al. (1962). The tables of transmittance compiled by Wyatt,
Stull and Plass, and categorized in Table 37 has been available, apparently, from the authors
on tape, as stated in their report, and indeed was made available to Kunde for his calculations.
Whether it is still available some 7 rears after Kunde's published results, has not been

ascertained. ;

Using the recent AFCRL data one may generate a set of Eo and n values simiiar to those
by Wyatt, et al. using the procedure delineated in their report, namely:

(1) [This step pertains to the determination of the line parameters]

B

"(2) On the basis of (1), the integrated intensities of all contributing vibration-rotation

lines were calculated systematically.

*'(3) As the intensity and frequency of each line was generated, the line was assigned to

the frequency interval spanning it.

*'(4) Once assigned to an interval, a given line was then grouped according to the intensity
decade into which it fell. Within a particular decade a running count was made of the number
of lines placed therein. Also retained was a net sum of the intensities of all those lines
placed in each decade. If a line was generated with an intensity more than eight orders of :
magnitude below the strongxst line already placed in the given frequency interval, it was ig-
nored. On the other hand, © stronger lines were subsequently generated, the data for weaker
lines was dropped when they occurred in intensity groups which were more than four groups
below the mos? intense. In short, either the top five strongest groups were retained, or only
enough groups to span eight orders of magnitude. The latter choice resulted in less than five
groups when the lines in that portion of the spectrum were very weak. T

"(5) The coefficients 50 were then calculated for each frequency interval by dividing the
k

intensity sums by the nu:ber of contributing lines and thence dividing the resulting average

1

strengths by ma, ,. For H,O, the value ¢ 4 = 0.10 cm”" was used.

"Orce the coefficients «50 and n were generated, the effective transmissions were cal-
k
culated at frequencies corresponding to the centers of the chosen frequency intervals of width

5 cm'l. Sequentizally, the coefficients ﬁk for various combination of the pressure‘ and amounts

*It should be mentioned that the term pressure is used here in the sense of Howard,
Burch and Willlams, viz for water vapor the effective broadening pressure is equal to the
sum of the total pressure plus 5.3 times the partial water vapor pressure,
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of absorbing gas were calculated (ék = {0 w/P). From each of these sets the effective trang~
k
missions were c~lcuiated as follows:
(1) All the transmissions were set equal to unity.

"(2) Starting v ith the lowest frequency interval, the direct contributions to the transmis-
sions were calculated at the center of the interval for each intensity group contained therein.
These were then multiplied together and thence by the factor 1 initially set. Henxe, the re-
sulting transmicsion represented the direct contrioutions from the five intensity groups

6

which represent all lines having an intensity within 107" of the strongest line in the frequency

fnterval.

"(3) Subsequent to the calculation of the direct contribvtions, the coefficients were used
to calculate the wing contributions to the transn.iraions at the center of the interval of inter-
est. The wing contributions from iines at both lo #er anrd higher f. equencies were considered.
The calculation was made for the Lorentz line shape and, in the cat» of COz, for the Benedict
modification. Thus, as any contribution to the transmission at a given frequency was gencr-
ated (be thelir origin direct or wing), its value was multiplied into those previously calculated

at that frequency.

"(4) The wing calculations were carried out at frequencics farther and farther from the

chosen interval until thcir contributions to the transmissions exceeded 0.999."

As was done in the original work, one must calculate transmittances for special cases

{see Table 37) and interpolate for those other cases pertinent to his own problem. Of course,
the Curtis-Godson approximation can be used for the calculation of slant-path conditions, as ]
it can in the calculations performed by other techniques. The interpolation technique formu- ‘
lated by Wyatt, et al. (1962) is reproduced as follows:

"The simplest analytical procedure ig that consisting of logarithmic interpolation be-
tween non-zero values of the absorption A. Express the absorption in the form

A=1-7=efBTW

where f is usually a cumplicated function of pressure (P), temperature (T), and absorber
amount (w). At points where onc or both of the tabular values f 7 are identically equal to
unity, linear interpolution on v provides more than sufficient accuracy. Otherwise, it is far
more accurate to interpolate {(P, T, w). This is true tecause the malin part of the functional
dependence of the absorption on P, T, and w is usually represented by the exponential factor.
As only three significant figures are given in the tables, a first order interpolation generally
provides safficient accuracy. It shoald be noted that the entries for varying pressure and
path length are given in terms of values that are nearly equidistant when plotted an 2 logarith~-

: mic scale (e.g., 1.0, 0.5, 0.2, 0.1, 0.05, . ..).
' 255
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"From the above equation one has

(P, T, w) = -InA

" When the absorptance at constant P is plotted against w on a log-lug graph, the result'ng

curve has oniy a small curvature and displays long linear sections. Similar remarks apply
to an absorptance curve at constant w plotted against P. For these reasons, the most accurate
interpolation is obtained by taking eqval logarithmic intervals for P and w so that

o, o at
Af = S 8x + STAT + 57 &Y

'where X =InPandy = Inw. Thus,

f{(P + AP, T + AT, w + Aw) = {(P, T, w) + Af

and
7(P+AP, T+ AT, w+Aw) =1 -A(P + AP, T + AT, w + Aw) = 1 - exp - (f + Af)

"The following examples illustrate the method described above.

a) Given: P=1atm, T=300K
atw = 0.1, 7+ = 0.583, A = 0.417
atw = 0.2, 7 = 0.439, A = 0.561

Find: atw=0.17forP=1atm, T =300 K

Procedure: A(0.1) = 0.417; £{0.1) = 0.3747
A(0.2) = 0.561; £(0.2) = 0.5780
n(0.1) = -2.3026
£n(0.17) = 1.7720
1n(0.2) = -1.6094

a0t 0.5780 - 0.8747
Hence: Af = zrorsalfnw) = Foaart o 3026( -1.7720 + 2.3026)

_ =0.2967
= 0. 69320 .5306 = -0.2271

Therefore: f = £(0.1) + Af = 0.8747 - 0.227. = 0.6476

7(0.17) = 1 - e 0-6476 _ g 497
b) Given: P=1atm, T=300K
atw = 2.0, 7 = 0.648, A = 0.352
atw =5.0, 7=0.425, A = 0.575
P = 0.5 atm, T = 300 K
atw = 2.0, 7 = 0.715, A = 0.285
atw="5.0, 7 = 0.545, A = 0.455

Find: 7(P,w)atw=3.2,P=0.75,T=300K

Procedure: A(l, 2.0) = 0.352; f = 1.0441
A(1,5.0) = 0. 575 f =0.5534

2 =

5 =

= 0.693

A(O 285 f=1.2553
455f 0.787%

0)
0)
0.6931; £n(1.0) = 0.000C
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1n(3.2

) = 1.1631; £n(0.75) = -0.2877
£n(5.0) =

1.6094; £n(0.5) = -0.6931

~ae B of of
Hence: Af = ml(ln w) + mA(fﬂ P)

- §2034 - O Lel(1.1631 - 0.6931)

1.2563 - 1.0441
* 2.6931+ 0.000000-2877)

= -0.2517 + 0.0877 = -0.1640
Therefore: £(0.75, 3.2) = 1(1, 2.0) + Af = 1.0441 - 0.1640 = 0.8801

-0.8801

7(0.75, 3.2) =1 ~ e = 0.585."

It is pertinent to include here a description of Kunde's method for the calculation of at-
mospheric transmittan:e using the quasi-random model. He broke the spectral range into
intervals of 5 cm'l ard used this as the value of 5, which then determined the limit of resolu-
tion of his calculater. values. This allowed him to consult directly the values in the reports
(Wyatt, Stull and Plass, 1962; Stull, Wyatt and Pliss, 1963), for whkich the intervals chosen
were 5 cm"l. Quoting from Xunde (1967b), the following explanation is given.

"The transmittances are evaluated, considering the integrated absorption czefficients to
be at an isothermal temperature along the atmospheric slant path. The isothermal tempers-
ture which best represents the temperature variation along the slant path must be chosen
from 200 and 300 K for CO2 and from 200, 250 and 300 K for HZO' With the optical path
length, the isothermal temperature and the average effective pressure known, the quasi-

random transmittance can then be evaluated.

"The quasi-random transmittances for a given temperature, pressure, and optical path
length are calculated as follows. To insure that the contributions of all lines are taken into
account, all intervals from Y tq Vet VM must be considered. (ul is the center of the
starting interval, 6; Vg is the center of the final interval, 6.) For the above intervals, the

coeflicients § 0 and N corresponding to temperature Tl for both the unshifted and shifted

i
meshes, are read from magnetic tape and put in core storage. The direct contribution is then

computed for each 5 t:m"1 interval from " to Vg using the numerical quadrature of Eq. (306).
Next, the wing contribution is computed starting with the interval at Y and subsequently
considering all intervals until the interval VE * UM is reached. For a given interval, the
assoclated coefficients were used to calculate the wing contribution to the transmittances at
the center of all the other intervals from Y to Vg The wing contrit .:ion was computed for
higher and lower wave numbers until the contribution exceeded 0.999. In each interval of
interest, the wing contribution was multiplied iito the values previously calculated. When the

computation of the wing contribution was completed, the direct and wing contribution for each
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interval of interest were multiplied together. The same procedur. was then used for the
shifted mesh. The quasi-random transmittance is then cbtained by averaging the transmit-
tances of the unchifted and shifted meshes according i3y Ey. (305). The transmittances are
computed for each wave number range of interest startinz with the level in the matrix repre-
senting the ground, and subsequently evaluating the transmittances for esach level in the ma-
trix untii the top of the atmosphere is reached. The output of the calculation consists of a
height vs transmiitance matrix for each 5 cm'1 interval. This data is put on magnetic tupe to

serve as input data for cne third section of the program.”

Kunde calculated ?i(v) using the quasi-random model on the mixed line shape (see Sec-
tion 4) applying 8-point Legendre-Gauss quadrature to the seven sub-intervals introduced
earlier in this gectlon, for pressures less than 100 mb and distances from the line center of
less than 2.5 cm'l. A comparison of the average transmittance as obtained with the Lorentz

line with that obtained for a mixed line is shown in Tabie 38.

Comparisons are made of the results of the quasi-random mcdel with experimental re-
sulis and with the results of other methods by a mimber of investigators. Figures 65 and 66
make ruch a comparison in the 2.7 and 6.3 pm bands »f Hzo vapor with the experimental re-
sults of Burch, et al. [224] for transmittance averaged cver 20 cm'l. Figure 67 shows C02
comparisons with the experimental results of Burch, Gryvnak and Williams {233] in three
spectral regions. Although there tends to be an overestimate of CO2 absorption in the Q-
branches, the comparison on Co2 is fairly good; on H20 vapor it is relatively poor in certain
regions. Kunde compared his calculated resuits with chose of Burch, =t al. (1962) for the
6.3 um band of HZO vapor. The results are shown in Table 39 for an integration between
1250 and 1599 cm ™} and brtween 1520 and 2100 cm'l. When the disparity between calculated
and experimental values was observed to be large, the calculation was repeated, and the half~
width changed, by trial and error, from 0.10 to 0.16 {for 1250-1590 cm"l) aad 0.115 <:m'1 (for
1590-2100 cm'l). The integrated abgorptunces in the 15 ym bhand of "‘02 were also comnpared
and the results are shown in Table 40. Here the values are compared with those of Young

(1964) as well as with experiment.

Young made comparisons of his own {rom the quasi-random model, but using his line
parameter data, Some examples of the spectral diffsrences are shown for the 1§ um band of
CO2 in Figure 68. The calculated values are presented as histograms, representing values
of transmittance averaged ogver b cm-l. Young asserts that the quasi -random model tends (o

234, D. E, Durch, D, A. Gryvnak and E. B. Singleton, et al., Absorption by Carbon Dioxide,
Water Vapor, and Miror Atmospheric Constituents, Repert No. AFCRL 62-298, Ohilo
State University, Columbus, 1962.

235. D, E. Burch, D. A, Gryvnak and D. Willlams, Sclence Report No. 2, AF 19(604)-2633,
Ohio State University, Columbus, Januvary 1961,
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FIGURE 66. ABSORPTANCE OF 8.3 um BAND. {Reproduced from Wyatt, et al.,
1962 [15] .)
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AND WILLIAMS. (Reproduced from Stull, et al., 1963 [ 18] .)
{Continued)
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FIGURE 67, COMPARISON OF THEORETICAL RESULTS WITH

THE EXPERIMENTAL MEASUREMENTS OF BURCH, GRYVNAK

AND WILLIAMS. (Reproduced from Stull, et al., 1963 [16].)
{Concluded)
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TABLE 39. COMPARISON OF QUASI-RANDOM AND EXPERIMENTAL INTEGRATED

FORMEMLY WILLOW KUN LABORATORIES, THE UNIVERSTY OF M.CHIGAN

ABSORPTANCES FOR THE 6.3 um H20 BAND. (From Kunde, 1967 {13].)

fAdv 1250-1590 cm”

H

fm» 1590-2100 cm”

- Experi-
Sample P, w [Eert Calculated meatal Caleulated
ap =030 |a, =016 ay <0100 | @ =0.113
atm prcm
1 0184 | 0017 | 123 9.6 150 | 127 13.4 15.4
2 0232 | 0018 | 140 10.9 171 14.4 15.4 17.6
3 0345 [ o019 | 17.0 13.4 20.9 16.4 18.9 2.8
4 0530 | 0018 | 211 16.2 250 | 22.4 12.9 26.1
5 A167 | L0017 | 30.0 21.3 32.8 30.3 30.3 345
6 3540 | L0019 | 50.9 35.1 518 | 509 50.3 56.7
7 10171 | 0018 | 79.4 48.9 6.0 | 79.4 n2 79.1
8 0184 | 0034 | 182 13.7 21.4 13.6 19.1 219
9 1.7 | .0035 | 102 70.1 948 | 114, 101 112
10 0441 | 0041 | 308 22.3 342 3.3 s1.4 5.1
11 L0580 | .0047 | 38.0 26.8 40.6 9.2 311 2.1
12 0155 | 0048 | 45.8 30.3 45.6 48.8 2.1 483
13 1382 | 0045 { 56.7 3.6 55.7 59.5 53.4 60.2
14 0447 | 0081 | 4.3 ns 474 53.1 43.9 0.1
15 0580 | 0092 | s54.0 37.4 556 | 50.8 52.2 59.0
18 0155 | 0095 | 639 2.3 €2.3 69.9 59.4 66.9
17 2382 | 0089 | 766 52.3 753 | 8o 74.0 82.8
18 0447 | o161 | 637 439 648 | 10% 60.8 68.4
19 0580 | L0183 | 7241 51.9 5.2 80.2 2.0 80.7
20 0155 | 0190 | 86.8 58.7 83.9 | 985 81.7 91.3
21 1382 | o178 | 100 .5 99.4 | 117, 101, 12,
22 0447 | 0322 | 7189 60.5 884 | 985 83.1 92.8
23 0580 | .0364 | 90.4 70.8 99.2 | 108, 97.6 108
24 0155 | L0318 | 110, 795 110 125, 110 122
25 382 | o352 | 131, 9¢€.0 128 153, 135 148
26 0487 | .05 | 338 24.3 IR 38.1 341 38.8
27 0491 | o000 | 48 343 51.4 55.3 47.8 54,1
28 0496 | o119 | 697 482 704 | 9.2 86.7 749
29 0500 | .0359 | 93.0 66.4 933 | 100, 91.3 102
30 1.0858 | .0102 | 153 113 141 181 164, 176
3 1.0632 | .o198 | 190 144 172 226. 211 224
2 1,005 | .0339 | 220 178 204 273 263 215
3 10592 | 0770 | 256 212 234 39 ns s
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0.8 ——— Burch et al. ~
\ Calculation {
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FIGURE 68. CALCULATED AND EXPERIMENTAL TRANSMISSIVITIES
VS FREQUENCY FOR DIFFERENT PRESSURTS AND OPTICAL MASSES.
(Reproduced from Young, 1964 [232].)
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FIGURE 68. CALCULATED AND EXPERIMENTAL TRANSMISSIVITIES
Vs FREQUENCY FOR DIFFERENT PRESSURES AND OPTICAL MASSES.
(Reproduced from Young, 1964 [ 232] .) (Continued)
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underestimate the tranamittance of the Q-branches because the lines are grouped closely and
are neither uniformly nor randomly distributed over the averaging interval. Also, the lines
are more-or-less evenly sraced, a fact which tends to underestimate the transmittance from
the contribution due to the wings of the lines outside of the averaging interval. The latter
effect, being dependent on pressure, tends to diminish with decreasing pressure.

Haurwitz (1972) calculated transmittances and infrared radiative fluxes in the following
spectral regions using the quasi-random model:

}120 (pure rotation band and 6.3 ym band) - using line-parameter data from Benedict
and Calfee (1967) and Benedict and Kaplan [sec, e.g., Goody (19t4), p. 184]. The calculations
were made for 200 and 300 K. The subintervals, chosenfor the calculation were: 0-220, 220-
440, 440-800, 800-1250, 1250-1420, 1420-1590, 15901845, 1845-2100, and 2100-2450 em™L,

CO2 (15 pm band) - using the line parameter data of Drayson (see, e.g., Drayson, 1967).
The band was divided Into 6 subintervals. Because of its density of lines, the Q-branch was
isolated and treated separately.

Haurwitz has evaluated each half of the iategral

1 252 1/2 262 1 252
R e e Y e R W
0 ° +p 0 7" +p 1/2 n+p

using Simpson's rule,

O ix < o2 f1 b
Lr(x)dx -oall ) 4 a(232) 4 1))

[

[Note that he considers the transmittance at the center of the interval to represent

the average value over the interval.]
Each half is again divided and the resulting integrals evaluated as before. This procedure is
repeated until the sum of the two rew integrals differs by less than 10'6 from the value of
the preceding integral. Haurwitz claims that the procedure assures him an accuracy of four
significant figures. Since this a time consuming process, he evaluates the integral for a fix.d
number of values of 5‘ and p within the range of his calculztion, He calculates intermediate
values, corresponding to parameters expected in a real situation, using the interpolation pro-
cedure of Wyatt, et al. (1962) described above. Incidentally, a check of the interpolation pro~
cedure with values calculated by quadrature allegedly demonstrated the realization of a pos-
slble accuracy of four figures using the interpolation technique.

A comparison of Haurwitz's results with the results of Jurch, et al. (1962) for the 6.3 um
band of H20 vapor is shown in Table 41. In the table are shown the percentage differences
between theoretical and experimental regults for a variety of (Curtis-Godsen) pressures and
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absorber amounts. For the 15 um CO2 band, using line parameter data obt.ined from
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Drayson and Young, a comparison was made with the experimental data of Burch, et al. (1962).
Table 42 shows the percentage difierences for the total absorption in the band, and for the

fractional absorption in three bands, respectively: 545-617 cm"

720 cm L.

, 617-667 cm L, and 667-

An interesting result from Haurwitz's research, in which he calculates atmospheric cool -
ing rates from HZO’ COZ’ and 03, is shown in Table 43. T2 purpaose of this table ‘e to show
the contributions from various subintervals to the Hzo cooling rate, from Haurwitz's e-lcula~

tion using the quasi-randor: model.

Plass [236] used *l.c method of interpolation to calculate the spectral transmission over
the slant paths from initial altitudes of 15, 25, 30, ard 50 km to the outer lim!t of the atmo-
sphere. Results are presented in tre form of tables for paths from the vertical to the hori-

1

zontal in 5° steps. Values are give.. for CO2 from 500 to 10,000 cm ™~ and for H20 from 1000

1

o0 10,000 cm ™ for both a "dry" stratosphere and a "wet' stratosphere.

Plass assumed that CO..2 was uniformly mixed througlout the atmosphere at 0.033%, by
volume. H,O distributions were based on the work of Gutnick [237], [238]. For the "dry"
stratosphere Hzo was assumed to be constant at 0.045 gm/kg air. For the "'wet'' stratosphere

the values used are given in Table 44.

7.3 OTHER PUBLISHED SINGLE-MODEI, COMPUTATIONS
7.3.1 METHOD OF G. DANIELS

Danlals (1974) makes stralghtforwai'd use of the statistical model in a quasi-random for-

mat with a uniform distribution of strengths for which the trangmittance can be written:

2na, (P)
7{w, P, T) = exp {—%—L(%i“{,)}

where @ = Lorentz line half -width in em™!

d = average line spacing within Ay in em™t
S(T) = line strength in (atm-cmz)'1

w = absorber amount
L{x) = Ladenberg-Reiche function (see Section 5)

236. G. N. Plass, Infrared Transnission Studies, Vol. V -~ Transmittance Tables for Slant
Path in the Stratosphere, Report_ No. §SD-TDR-82-127, Ford Motcr Compary, 1963.

237. M. Gutnick, "How Dry 1s the Sky?," J. Geophys. Res., Vol. €6, 1961, pp. 286-287.

238. M. Gutnick, "Mean Atmospheric Motsture Profiles to 31 km for Middle Latitides,"
Appl. Opt., Vol. 1, 1982, p. 670.
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TABLE 41, PERCENTAGE DIFFERENCES BETWEEN THEORETICAL
AND EXPERIMENTAL TOTAL ABSORPTIONS FOR ™HE 6.3 ym WATER
VAPOR BAND RELATIVE TO THE EXPERIMENTAL YALUES. (A neg-
ative value indicates that the t?ggge{tilcﬁl ;ralue is larger.) (From Haurwitz,

Curtis-Godson Presaure (mb)

Mass Path .
(gm/cm2) 133 330 1013
0.002 -30.8 -11.3 -1.8
0004 -5.8 -1.3 7.2
0.010 9.4 8.5 4.8
0.020 8.2 7.3 0.0
9,040 9.0 5.3 -2.6
0.100 1.1 -6.5 -6.5
0.200 -3.7 - -7.8 -10.5
0.400 -6.0 -9.3 -1.5
0.800 -4.0 ~5.7 -8.4
0.999 - -4,2 -2.8 -5.3

TABLE 42. PERCENTAGE DIFFERENCES BETWEEN THEGRETICAL

AND TXPERIMENTAL VALUES OF FRACTIONAL AND TOTAL AB-

SORPTIONS FOR THE 15 um CARBON DIOXIDE 3AND RELATIVE TO

EXPERIMENTAL VALUES. (A negative values inadicates that the theoret-
ical value is larger.) (From Heurwitz, 1972 [14] )

Mass Total Absorption- Fractiona! Absorption

Path Pressure Yercentage Percentaze Diflerences
gm/cm? mb Differences 545-617 cm~1 617-667 ¢cm-1 667-720 cm-1
0.046 1016 -7.1 13.9 1.0 -4.5
0.091 405 -8.5 1.0 - 1.6 -3.9
0.091 1019 -6.4 12,9 -2,5 -4.0
0.190 411 -5.5 3.2 -1.0 -1.8
0.190 1024 -4,7 0.7 , -1.1 -6.1
0.234 439 -5.8 3.0 -2.4 -1.2
0.379 292 -2.7 0.3 0.¢ -0.9
0.379 3 -2.9 -1.1 -0.6 -1.0
0.379 1007 -2.3 -2.4 0.0 0.0
0.383 700 ' -3.8 4.3 -0.3 0.0
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TABLE 43, PERCENTAGE CONTRIBUTIONS TO THE OVERALL WATER
VAPOR COOLING RATES FROM EACH OF TEE NINE SUBINTERVALS.
(From Yaurwitz, 1972 [ 14].)

S Subi nterval

(cm™?)
PressN 0- 220- 440- 800~ 1250- 1420- 1520- 1345- 2100-
(mb) 220 440 80G 1250 1420 1590 1845 2100 2450

95¢C
884
811
750
684
617
550
484
417
90
284

00 0.0 770 151 49 0.2 0.2 2.5 0.2
0.0 0.0 74.7 19.0 46 0.0 0.1 1.5 0.1
00 0.2 825 8.3 6.2 0.1 0.2 1.6 0.1
9.0 0.2 79.4 10.3 8.2 0.1 0.3 1.5 0.1
0.0 1.5 744 11,4 9.5 0.8 1.1 1.3 0.5
0.0 121 171.0 1.0 89 1.7 1.8 0.8 0.0
0.3 23t 55.0 6.0 8.1 3.2 2.8 0.6 0.0
2.7 447 3.2 4.5 4.3 8u 2.5 0.3 6.0
7.2 561 293 0.7 25 33 2.1 0.0 0.0
13.2 66.0 15.9 2.9 04 15 0.1 0.1 0.0
226  62.9 8.9 1.5 1.1 1.4 0.6 0.0 0.9
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TABLE 44. MIXING RATIO FOR "WET"
STRATOSPHERE MODEL

Altitude ' Mixing Ratio o

{(km) (gm HZO per kg air) PN

15 0.0090 o

16 0.0095
1 0.0105

18 0.012 P
19 0.015
20 0.018 S
21 0.022 A
22 0.027 t o\
23 0.033 S
24 0.040 g
25 0.048 IR
26 0.058

27 0.069

28 0.087

29 0.11

30 0.13

31 0.16

32 0.18

33 and above 0,20
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The computction is formalized in a computer program called AIRCAP which anfortunately
is not available in the literature. The calculations jnvolve the use of the AFCRL line-
parameter compilation and a set of gas profilec which are demonstrated in Figure €9.

Danie. 3 increments his interval in Ax according to line strength value, and his spheri-
cally symmetric atmosphere into layers (see Section 7.4) without regard to refractive index
changes. The increments were defined according to the formula A/AX = 100, which gives a
wav2length resolution of 0.1 um at 10 um. Calculations were made for the range 8 to 25 pm.
The groupings of line strengths were made in such a way that, starting with the strongest
line, the intensities in any group were within a factor of 3. Thus, if SO is the strength of the
strongest line, the subsets of each increment contained lines such that 80/3“ <Ss S0 3n-1'
where N(=1, 2, 3, . . .) is the number of the subset. In a quast-random fashion the strength
in each subset can be averaged, the result being used as the constant line strength applied in
the statistical model with uniform distribution of line strength (Eq. 310). The resultant trans~
mittance is multiplied with the vaiues obtained using Eq. (210) with the other subsets, to ob-
tain the total transmittance.

First, however, the Curtis-Godson approximation (see Section 5) must be applied to the
absorber amount and the line half-width. After this is done, these quantities can be appropri~
ately applied in the model (Eg. 310) for a homogeneous path. For this purpose, the average

line strength in the subset, k, is obtained from:

Z Sc(v To)

K .
SljiTof e (31.1)

where | pertaing to the i-th gas constituent, and the summation is over the m lines in the sub-
set. Since the line strengths are compiled for a single convenient temperature, ’I‘o, the values
Sijh‘s must be determined from the calculation of line strength averages at 'I‘o so that:

T n heE_,
5, = 5,7 'r',p( ,I‘.l) exp {m—‘%@ - 'ro)} (312)

where n = 1 for CO2 and NZC’ and n = 3/2 for 03, H20 and CH4. Daniels did not account for
the temperature dependence of HNOa because data were not available. He estimated the aver-

age value EUZTOL the average ground state energy, from:
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10 L E— T T T ™

10" - . -

(CO,, O,, CH,, N,0, HNO,)
(Hzo)

atm-cm
km
AND IN

— T
cm2 ~km

DENSITY IN

10'7 | i ] 1 " L ]

0 6 12 18 24 30 386 42 48
ALTITUDE (km)

FIGURE 69. DENSITY PROFILES OF ATMOSPHERIC CONSTITUENTS
FOR MODEL ATMOSPHERE USED IN CALCULATIONS. Note scale
difference for HZO' (Adapted from Daniels, 1974 [18].)
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Z:sm((ro)rai ik
Emy-*% (313)
iy’ "o Z su(To)
k

where again the summation is over the m values of the lines in the subsget. The Curtis-Godson

effective absorber amount was then obtained from:

Rsl {sz
W”(CG) = mpi(z) d; dz (314)
z. 40
0
where T‘ is taken as a mean, representative temperature for the path; in this case, 223 K or
-500C. The integration i3, as usual, performed numerically by dividing the atmosphere in
1 km distant sheils. The path is taken from some z, to R, which is a height zbove which at-
mospheric densities are negligible for the calculations, taken as 47 km by Daniels (1970).

The Curtis-Godson half -width, in the format designed from the averages calculated above,
then has the special form (note thar this and all previous calculativns are for a particular fre-
quency, centered in the spectral region over which the averages are taken):

zléﬁfz-)‘ pz TO 12 ds
551, Fo Tlp )\ T, PlR)g 4
su To i 0 z

(CG)

r—

%0

a“(CG) = WU

Rs77
+ ?—U‘T—z'a (z)p(z)ﬂ—s-dz (315)

z, U

1
The integration is split into two paths, z, to z;,andz to R (the upper 1imit), the first being
the region in which pressure broadening dominates, the second where Doppler broadening
{see Eq. (316) below) is the chief broadening mechanlsm. Daniel's approximation to the
Doppler shape i8 to freeze the Lorentz profile at zy with respect to pressure and then from

z; to R allow the half-width to vary at 'I'l/2 similar to the Doppler lin2, Thus, in Eq. (315)
we have:
| T, 1/2
a (z)=a, (z,)=a, (z,)| 5 (316)
D' Ll £ Ll 1 Tl

where the subscript £ Is a count of the atmospheric layer used In the sun. -wation whirh ap-

proximates the actual integration in Eq. (316).
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The altitude at which this transition was chosen was obtained by letting (for a given gas
constituent):

= l N
aL(zl) '—,_;GD(TZI) (317)

The relative shapes of the true Doppler and the approximate profile using Eq. (317) are shown
in Figure 70. Daniels made a comparsor of the transmittances obtained in the Doppler re-
gion for CH 4 with experimental results, using the true Lorentz shape, the frozen Lorentz
shape with oy =apq and the frozen Lorentz shape using o = aw/ V7. The results are shown
in Figure 71. An empirical match of the parameters for the various constituents in the spec-
tral region between 8 and 25 um results in the tabulation of Table 45, giving the initial freez- |
ing altitudes.

7.3.2 METHOD OF H. T. JACKSON (see also Section 5, and Goldman and Kyle (1968))

In an attempt to calculate the emissivity of hot 002 in the 4.3 um region, covering the
frequency band irom 2€50 to 2400 cm‘l, Jackson [239] has applied the exponential-tailed st
{(Malkmus, 1967} line intensity distribution to the statistical model to satisfy a range of gas
temperatures from 300 to 2100 K. (Note that the attempt here is not to present results on
models of high-temperature radiation; Jackson's method is one representation of a spacific
model.) v'A mathematical representation nf the transmitrance calculated with the exponential -

tailed s”! distribution is given as:*
r = exp - (ByPo/a{l1 + 2091V -1}) (318)
where, as usual, Pe =P+(B-1)p
. 2:1020
\ Bo=—q
_ _Sw
| = 2ﬂGL
_—
pe

\\ L = path length in cm

\ p = partial pressure of the absorber

Since Jac#&rson wishes to compute € = 1 - 7, the apprcpriate subtraction must be made. In
addition, he makes the approximation Pe = P, the total pressure, disregarding the small
*Compare with Expression 12, Table 20.

239, H. T. Jackson Jr., A Model for the Spectral Emissivity of Carbon Dioxide in the 4.3-
Micron Band, Rept. No. RE-TR-69-€, U.S. Army Missile Command, 1889,
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100

TRANSMITTANCE (%)

50

Data:
C-lculations:

XX: o =ay =ay (Py)5)

1
00: a=—0
vz D

aa: a=aD

0

9.0

8.0 1.5
WAVELENGTH (um)

FIGURE 71. METHANE TRANSMITTANCE IN 7.7 um BAND AT A TRESSURE
WHERE DOPPLER BROADENING DOMINATES LINE SHAPE. (Adapted
from Daniels, 1974 [18] .)

280




EPE‘W‘ '1
né K
FORMERLY WILLOW RUN | ABOKATORIES, THE UNIVERSITY OF MICHIGAN

TABLE 45. REFERENCE HALF-WIDTHS (223 K, 760 MM HG)
AND LINE SHAPE FREEZING ALTX)TUDES, z1. (From Danicls,
1973 [17).

Wavelength of  Band Reterence

Constituent ~ Band Center ~ Number  Hall-widths =
H,0 6.3 um 1 0.08cm ! 26km
10 um 2t 0.08 cin-1 31 km
20 um 3t 0.08 cm~! 35 km
COy 10 pm 1 0.07em~l  35km
15 um 2 0.07 cm™} 35 km
04 . 9.6 um 1 0.11em™! 36 km
14 um 2 0.98cm™!  38km
N,O 8 um 1 0.1 ecm™!  $5km
17 um 2 0.1 em™l  28km
CH, 7.7 um 1 0.06 cm ! 29 km
HNOg3 Not needed or available*

*Laboratory and atmospheric transmission data indicate that the
atmospheric transmigsion of LNOg is always in the "weak-line"
region where the transmission is independent of pressure and
so the half-width 15 not of concern.

1 The water vapor rolation lines are distributed from 10 um to
the microwave region. For these calculations artifical band
centers were taken at 10 and 20 um,
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self -broadening correction. He then derives a procedure for the linearization of Eq. {318) for
fitting to the line parameter data of Stull, et al. (1863), derived from the data in the quasi-
random model (see Section 5) that were averaged over intervals 20 cm'1 wide. Thus, by tak-
ing the natural logarithms of both sides of Eq. {318) and rearranging, there results:

4—;(;1172-/—(”-2- m(W/7) + 3= (319)
(for a pressure of 1 2tm), whichcanbe fitted to aplotof n(1/7) versus w/fn (1/7), where the
intercept of the straight line is (S/d)'l and the slope is (Sl/ 2/d)'z/ntaL. Mathematically the
solution results from a least squares fit of empirical data, in this case the data of Stull, et al.
(1963), from which:

n
(w)l n 1 n
T T N {E Ti} (320)
and
n . n l . .
Z(W)i = -m fn HTI + m (¢n Tl) (321)
i=1 i=1 L i=1

[Note: for n values of the variables, X and Yp the differences at any point X between the
chosen line and the point ¥y is Y- (axl +b). Minimization of the sums of the squares of these

differences yields
n
Z:[yl - (axi +b)] =0
and
n
D %[y, - (x; +bY] = 0. End of Note.]

The solution of these simultaneous eciations yields the pararaeters S/d and Sl/ 2/ d, which are
sought for incorporation into the band model represented by Eq. (318).

Although Jackson's derivation pertains to the transmittance (actually emissivity) of CO2
at 4.3 pin for a variety of gas temperatures, the only temperature of importance to this re-
port is the lower one at 300 K. Howeve:, to show the effect of temperature on the various
parameters used in the statistical model to calculate transmittance (emissivity), the values
obtained by Jackson are reproduced here. Figure 72 shows the variation of the parameter
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S/d as a function of frequency for different values of temperature. Figure 73 is a plot of the
same parameter as a function of temperature for different values of frejjuency. Recall that
S/d and Sl/z/d were obtaired at 300 K from a {it of the data of Stull, et al. (1963). The reader
is referred to the original report (Jackson, 1969) for the scurce of data at higher temperatures.

1/2/

The parameter S d is shown plotted in Figure 74 as a function of frequency for differ-
ent valaes of temperature, while the same parameter is plotted in Figure 75 as a function of
tenmperature for different values of frequency. Tables 46 and 47 give the same parameters in

tabtular form.

7.4 AGGREGATE METHOD

The Aggregate Method was formulated and extensively used at the Environmental Research
Institute of Michigan (ERIM) and published through support of the Aerospace Corporation by
one of the authore of the model. It was originally assembied by D. Anding, who recently
cooperated in publishing the program (Hamilton, Rowe and Anding, 1973), and by H. Rose and
J. Walker. It was formulated as the result of a compilation of models which were reviewed
in the original State-of -the-Art report (Anding, 1967) on the calculation of atn:ospheric effects.
This method, and the LOWTRAN 2 method (Selby and .dcCiatchey, 1972; see following section)
are perhaps the most widely disseminated of all the programs for calculating absorptive at-
mospheric eifects from band models. After the original State-of-thie-Art was completed, the
Aggregate atmospheric transmittance calculation method was formulated to organize into a
single nrogram the best traits of the numerous models that were in existence at that time. It
has been gradually up-graded as new data appears and modificd to calculate atmospheric ra-

diance as well as transmittance, and to include scattering.

Calculations by the Aggregate method can he madc from 1.05 to 30 um at irregular spec-
tral resolution from 0G.01 pm at the short wavelengths to 0.44 um at the long wavelengths,
suited to the resol:tion of the experimental data used to calculate the line parameters. In the
corhputer code for calculating transmittance and radiance, the atmosphere is divided into a
(variable) number of spherical shel's through which the path is taken unrefracted. See the
Appendix for a consideration of refractior. The transmittance in the path is considered as
the preduct of the transmittances due to the effects in the following list (from Hamilton, Rowe
‘and Anding, 1973).

Transmittance through the gaseons constituents of the atinosphere, with

THO™ transmittance of water vapor in which the mgclecular line structure is adzptable
2 to a band model

TH.O continuum - transmittance of water vapor in the ¢intinuum region
2 a
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TAELE 46. THE SPECTRAL BAND PARAMETER S/d AS A FUNCTION OF TEMPZRATURE.
" (From Jackson, 1969 [239].)

WAVE
NUMBER
(1/7¢M)

2050,
2055,
2060,
2065,
2070,

2075,
2080,
2085,
2090,
2095,

2100,
2105,
2110,
2115,
2120,

2125,
2130.
2135,
2140,
2145,

2150,
2155,
2160,
2165,
2170.

2175,
2180,
218%,
2190,
2195,

22Q0.
2205,
2210,
2215,
2220,

300

2460E-03
4.80E-03
€.01€-03
le40E~02
1.87C~02

2402E=-02
1e65FE~02
1., 08E=-02
6431C-C3
30215"03

1l.81E-03
1le33€E-03
9¢55E-04
6+95E~04
5.65E-04

5¢13E~04
4eBBE~0H
4.80E-04
4e7BE~04
4.82E‘Ob

40915‘04
5¢05E=Q4
5622E~04
5e47E~04
5.81C~04

6-285'0“
6.95E=04
Te83E~06
Y.01E%04
1.06E-03

1028E‘03
le69E-03
2+45E-03
QQZRE"OB
Te95E~03

600,

4eBOE-04
7.00E-04
1.03E-03
1451E-03
1.89C-03

2408E-03
1.99E-03
1.79€~03
1e63C-03
1.52€-03

1-47E“03
10415'03
1+26E-03
1.07€E-03
8+82E~04

Te3EE-04
6+56E~04
Te11E~04
7.30E-04
7.52E‘04

T.815-04
8el16E-04
80566’04
9e16E-04
1.01C-03

1+18E-03
le46E-03
1.91€-03
2+60E-03.
3.91E-03

0027E‘03
1.02E-02
1.65E~02
2.745‘02
QOSAE‘OZ

o ol s i A e s a

TEMPERATURE

(DEGREES KELVIN}

900,

3040E‘Oa
“.SOE‘OQ
5.72E-04
T+53E-04
9.57E-04

le15E-03
1.305'03
le44E~-03
1.575“03
1.77€-03

20105'03
2435€~03
2+32E-03
2.08E-03
1.70E-03

1.40E-03
1.38E-93
1.53E~-03
1473E-03
1.95€-03

2420E-03
2447E-03
2078E'°3
3+25€~02
4,03E-03

5.68E-03
8.82E~-03
l.kOE-OZ
2418L-02
3-3“E‘02

5.00E-02
7+20E~02
1.00E~01
le41E-01
2¢02E-01

1200,

‘OQIOE-O“
50205‘04
6.37E-04
8.23E-04
1.06E-03

1434€E=-03
1.66E-03
2.04E-03
2-5“5‘03
2.815'03

2465E-09
2.30E~03
1.89€-03
1.86E-03
2+446E=-03

3.52E-03
4.985-03
6.91E-03
955€E-03
1.31E-02

1.82E-02
2.525-02
3.435‘02
4463E-02
6.16E-02

8.20E-02
1.09€-01
1.43E-01
1088E‘01
2.“6E‘01

3.15E-01
3.97E-01
4.92E-01
6.01E~-01
T«28E-01
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15000

8420E-04
1.,08E-03
1437E~-03
1.77E-03
2428E~(3

2495E-03
3.81E~03
4,96C-03
6e41E-C3
8.23E-03

1,06E-02
10366‘02
1.73E-02
2421E-02
2+80E-02

3.51E‘°2
H438E-02
Se46E-02
6.73:-02
Be27E~02

1.01E-01
1e24E~01
1.53E-01
1,88E-01
2.28E-01

2+76E-01
3632E-01
32.95E-01
4.70E~01
5.58E~01

6456E-01
T¢67E~01
8088[‘0]
1.016=-n0
1.16E-00

1800.

Se70E-03
T7420E-03
908E-03
IOIQE'OZ
le42E-02

1475€-02
2413E-02
2¢58E-02
3.08E-02
3465E~02

4428E~02
5¢01E-02
5.86E-02
6e86E-02

8-055‘02

9e61E~02
1e15€501
1l¢372-01
1+63E~-01
1e92E-01

2+25€-01
2:62E-01
3406E~-01
3¢55E~01
44,07E-01

4e6TE~01
5¢36E-01
6¢13E-01
T7+0CE~01
T7¢93E~-01

8.93E-01
1.00E~00
lel1E-00
1.23€E-00
1435E~00

2100

2060E-02
3.00E-02
3.56E-02
4bel2E-Q2
4076E‘°2

5447E~02
6¢28BE-02
Te21E-02
8430E~02
9.51E-02

IQOBE’OI
10245‘01
10“16‘01
1.60E-01
1.81E~01

2+05E-01
2431E-01
2¢61E-01
2+95E-01
3432E-01

3.73E~01
4e18E-01
00686°01
5.22E-01
5.80E~01

6+42E-01
7410E-01
7.82E-01
8+57E-01
9+22E~01

1.00E=00
10085‘00
10175‘00
1426E~00
1.36E00

R
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TABLE 46. THE SPECTRAL BAND PARAMETER 8/4 AS A FUNCTION OF TEMPERATUY'Z
(From Jickson, 1969 [239].) (Concluded)

WAVE
NUMBER
(1/CM)

2225,
2230,
223%,
2240,
2245,

22504
22%5%5.
2260
2265,
2270

2215,
2280,
2285,
2290,
2295

2300,
2305,
2310,
2315,
2320,

2325,
2330.
2335,
2340,
2345,

2350,
23%5,
2360,
2365,
2370,

2375,
2380,
2385,
2390.
2395,

2400,

300.

1.60€-02
3.10€-02
5¢71E-02
9.84E-02
156E-01

2432E-01
3.15E-01
3093E‘01
4463E-01
5.21E-C1

6.17€-01
7099E‘01
1.17€-00
1+84E-00
2489E=-00

4440E~OO
6¢36E-00
8.726~-00
l1.11E+01
le34E+01

1e53E+01
1e67E+01
1475401
1«76E401
1o T4E+01]

1.73C+01
1.81E+01
1495€401
2+09E+401
2¢11E+01

1.82€+01
1.01€+01
1+19€E-00
2¢97€~01
9.75C~02

5.01E-02

600,

Te50E-02
1.22€-01
1.85€-01
2+66E-01
3465E-01

k.BbE-OI
6¢30k- 01
T«98E-01
1.00€-0N0
1+426E-00

1.62E~00
2420E-00
3.05E-00
4e32€-00
5.83E-00

Tet42E-00
9.18E-00
1e12£+01
1e31E+401
1e46E¢01

1.51E401
1e42E+01
1627c+01
1e11£401
1.03E+01

l¢11E+01
l1+32€+01
1.56E+01
1+71E+01
1.680C+01

1.60E+01
7.20E-00
2+54E-00
9.97€-01
2+61C-01

7.50£-02

TEMPERATURE

(DEGREES KELVIN)

903J.
N

2. 79E-01
3.67E~01
4.T3E~01
¢.05%E~C1
7.70E-01

9.75E-01
1.22E-00
1¢536~00
1.30C--00
2+36E-00

2+69E~00
3452F~00
A.ZSE—OO
5«10E~00
5496E~00

6+77E~00
706“:‘00
7.90C-00
8.16E~00
8425€E+00

8.18E-00
7+97€~-00
T+70E-00
T.45€~00
T.43E-CO

T.87€~00
8.85E~00
1.00E+01
1.01E+01
9.50E~00

T«83E~00
6.005’00
A.85E~00
1.70E~-00
3e62E~01

1.00€E~01

1200,

80765‘01
1.04E-00
ie24E-00
l.kbE-OO
lo715'00

1.98E~-00
2.28E-00
2.60E~CO
2.93['00
3.27E~C0

3.61E-00
3.94E-00
“0255-30
4+53€E~-00
k.7bE‘00

4.95E- 00
5007{‘00
Selal~CO
5.16E~00
5.14E-00

5.12E~-00
5.08E~00
5.08E~00
5+10E-00
5¢1%E-00

5.27E~00
5+35€E-00
5.33E£-~00
5¢11E~00
4.90€E-00

3.91€-00
3.07€~00
2419€E-00
1+.20E£-00
4.95E-01

1.50E€~01
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1500,

le31E-00
le4BE-00
l.65€-00
1.8“{'30
2403(~-00

2422C-00
2042E~00
2.61E-00C
2479C-00
ce96E-00

3.12C-00
3.26E-00
3.38E-00
3.48E-00
3-555-00

3.60C-00
3eb62E~-00
3.63E-00
3.62E-00
3.60E-00

3-59(‘00
3.57€-00
3.56E~00
1.5%E€~00
3.52€E-00

3.50C~00
3.43E-00
3.,280-00
3.,05C-00
2469E-00

2.28C-00
l.77€~00
1+35€E-00
T.80€-01
3.81E-01

1+50€£-01

1200

1.480-00
1461E-00
1. 74E-00
1.86E-00
1+99€-00

2+11E-00
2422E-00
2432E-C0Q
2442E-00
2449€E~00

2+55E-00
2¢61E-00
2+65E-00
2469E-00
2+T0E-00

2+71E-GO
2+T0€E~00
2469€E-00
2467€E-00
2+65€E-00

2¢64E-00
2¢61E-00
2457€-00
2453E~00
2446E-00

2+40E-00
2429E-00
2412E-00
1e¢94E-00
1467E-00

le4l1E-00
1.05€=~00
8,02E-01
4sBOE~OL
3.21E-01

1.30E-01

2100,

1.45E-00
1.55€-00
1+64E-00
1.72E-00
1.80E-00

1.87E-00
1.93E-00
lo9ﬁ£”°°
2.03E~-00
2.06E-00

2.08E-00
2.10E-00
2.11E-00
2.12E-00
2412E-00

2.11E-00
2.10C-00
2.07E-00
2.05E-00
2.01E-00

1.99€E-00
1+95E-00
1.50E-00
1.85€-00
1.76E-00

lo69E‘°0
159€-00
1.43E-00
1.29€-00
1.09€E-00

8.50E-01
6.50E-01
4.50E-01
3.00£-01
1.75€-01

1.00€-01
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TABLE 47. THE SPRCTRAL BAND PARAMETER §(1/2)/d AS A FUNCTION OF TERMPERATURE.
(From Jackson, 1869 {239].)

WAVE
NUMBER
(1/7CM)

2050,
2055,
2060, -
2065,
2070,

2073,
208C.,
2085,
20904
209%,

2100,
2105,
2110.
2115,
2120,

2125,
2130.
2135,
2140,
21‘.5.

2150,
2155,
21060,
2165,
2170,

2175,
2180,
2185,
2150,
2195,

2200.
2205,
22104
2215
2220

300

4. 60E-02

4490E-02
Ye25E~02
5¢68E-02
6.00E’02

be3lE~-02
6.67E-02
7006E‘02
Ta62E-02
7.71€E-02

70895‘02
8.015'02
8413E-02
8.255‘02
dohOE'CZ

8454L~02
8.68E-02
S.828£-02
3.97€-02
9412E-02

QQZSE‘OZ
OQQQE‘OZ
9+60E=-02
9e74E~02
9.87E~02

la00E-01
le02€~-01
1.05E-01
le12E-01
1420€E-01
142%E-01
1+.40E-03
1e52E-01
1467E-01
leBT7E-Q1

600,

6460E~02
7.00E~02
7¢50E-02
8.00E-02
Jeu2E-02

8.81E-02
9.25E-02
1.01£-01
1.19€-01
1s42E-01

1.67E-01
1.,87€-01
2.01E-C1
2410E~01
2+19E-01

2¢27E-01
3-355‘01
2443E-01
2+50E-01
2658E-01

2466E-01
24T7E~01
2495€-01
Je21E-01
3.55€-01

3.90€-01
4422C-01
4e54E~01
4490E-01
5¢31E-01

5.81E-01
6+37E-01
6497E-01
Te64E~01
Be40OE~D1

TEMPERATURE
({DEGREES KELVIN)

900,

1l433E~01
loB?E*Ol
le49E~01
1.59t~01
1.68E-01

1.76E-01
1.83E-01
2006E“01
2.56E~01
2423E-01

2,95E~01
h'bBE~ﬂl
5.C0E-01
5.29E-01
5.,58E~-01

5.865-01
6.12E-01
6038E‘01
6.66E-01
60995'01

T.40E~01
Te96E-01

8.77E-OI

9.81£-01
1.11E-00

1.25€~00
IOAOE'OO
1.55€~00
1.72E-00
1.90E€~00

2+10E-00
231E-00
2494E-00
2+77€-00
3.02E~00

1200, 1500,

3435E-01 7.950E-01
3.52€6~01 8,85E-C1
3076&‘01 10005‘00
3.92E-51 1413E-00
4410E-01 1428E-00

4431E«01 1e45E-00
“0565‘01 1,62E-00
4,31E-01 l.84E-~00
5.09E~01 2.06E~00
Set7E~01 2430E-CO

6+00E~01 2.54E~00
6+71E~01 2.78E-00
T460E-01 3.04E-00
8462E-01 3,30E-~00
9e73E-01 3.59E-00

1+09E~-00 3.8%9E-00
1-2“E‘00 QOIQE“OO
1e41€-00 4450E-00
1.60E-00 4485E~00
1.80E-00 5422E~00

2+01E-00 5.63E~00
2.255—00 6-0GE“00
2451E-00 6448E~00
2-81E‘00 6-915‘00
3415E~00 T743%E~00

3.51E-00 7.80E-0O
3.91E~0C 8426E~0DD
4,35E-00 B8475E-00
4,81E-00 9427E-00
5430E-00 9436E~00

5081E-00 1.05E*01
6435E-00 14126401
6.90E-0C 1.19E+01
Te46E-00 1426E+01
8,02E~CO0 1.33E+01
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1800

2490€~CO
3420E~00
3e60E~00
QQOOE‘OO
44 0E-00

R.SIE-OO
5023E'00
5466t-00
6.10E-00
6455E-00

T+00E~00
Te45E~00
7+90E-00
8433€-00
8.76E~00

F+18E~-00
Ge60E~-00
1.00£+401
1s04E+401
1.08E+01

1412E401
lel6E+01
1.20€+01
1e25E4+01
1.30E+01

1s34E+01
1¢39E+01
le3E+401
1e47E4+0]
leS51E+01

1le56E+01
1«60E+01
lebuE+D]
1e¢68E+01
16472E+401

2100

8.90E-00
9439L-00
1.00£+01
1.07£401
1e13E+01

1.19E+01
1.258401
1318401
1437E401
1-4628+401

1.47E401
1528401
1.57E+01
1462E+401
1466E+01

1.72E401
175£+401
1.78E401
182E+01
1.86E+01

1908401
1.94E401
1.94E+401
2:.01E£401
2¢03E401

2:04E+01
2.05E+01
2e05E401
2e06E401
2.C3E401

2¢10E+01
2+13E401

2+17E+01

221E+01
20255*01
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TABLE 47.

WAV
NUMBER
t1/Cm)

2225,
2230
2235,
2240,
2245,

2250,
2255,
2260,
2265,
2270

2275,
2280,
2285,
2290.
2295,

2300,
2305,
2310,
2315,
2320.

2325,
2330,
2335,
2340,
2345,

2350.
2355,
2360
2365,
2370,

2375,
2380.
2285,
2390.
2395,

2600,
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THE SPECTRAL BAND PARAMETER §(1/2)/d AS A FUNCTION OF TEMPERATURE.
(From Jackson, 1969 [230].) (Concluded)
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2.17€=-01
2¢65E-01
3.34F=-01
4e31E-01
5.515‘01

6.93E-01
8.50E-01
1.01E=-00
1419€-00

«38E~00

158E£~00
1.81E~00
2+12E-~00
2.57€£~00
3.1RE~00

4.01E-00
5.04E-00
6¢26E-00
7.67E-00
9+31E=-00

1.09E+01
1422E+01
1e34E+01
1e44E+01
le53E+01

1459C+01)
1e52E401
1.30E+01
1.03E+01
6.97E-0C

4.45E-00
2465E~00
l1+451E~00
9+98E-01
5.25E~01

4+03E-01

YO R AL G S LY

600.

9+40E~01
1.08E-00
1426E-00
l.hBE*OO
1,75€-00

TEMPERATURE
(DEGREES KELVIN)
900, 1200. 1500

3.31E-00 B.57E-00 l.40E+01
3.65E~00 9412E~00 1.45E+01
4403E-00 9.66E~00 1450E401
4,43E-00 1.01E+401 1.55E+01
“eB4E-00 1.06E+01 1.58E+401

2404E-00% 5.25E~00 1e11E+01 1459E+01

2e34E-00
2465E-00
2493€E-00
3.20€-00

30465‘00
3.75E~00
4.05E-00
4.37€-00
4e78E-00

5¢38E-00
6.22E-00
7¢39E-00
8.71E~0N
1.00E+01

l.10E+01
1.14E+01
1+13E+01
1410E+401
1.06E+01

l.06€+01
9.45€-00
8.01E+400
70275-00
6:43E-00

4095€~-00
3.50£-00
2428E-00
1.40€+00
7.595-01

5.51€-01

5063E-00 1.15E+01 1.60E+01
5.99E~00 1.18E+01 1.59E+01
6029E-00 1.21E+01 1,58E+01
6.55E-00 1.24E+401 1.57E+01

6. T9E~00 1.26E+401 1.54E401
T«0GE=00 1427TE+01 1.52E+01
Te39E-00 1428E+01 1.50E+401
T+80E-00 1.28E+01 1.,48E+01
8+30E~00 1+28BE+01 1l.45E+01

8.90E-00 1.27E+0) 1.42E+01
9¢55E=00 1425E401 1.37E401
1e02E+01 1423E401 1.32E+01
1407E+01 1420E+01 1427E+01
16126401 1416E+401 1.22E+01

1414E401 1.13E401 1,16E+401
1.12E401 1,08E+01 1,10E401
1.08E+01 1.03E+4C1 1.03E+01
1.064E+01 9.85E-00 9.70E-00
9.905'00 9-16E‘00 80885-00

9¢50C=00.8.51E~00 8415E~00
8.65E~0C 7.77E-00 T.36E-00
7+60E-00 6487E~00 6433E-00
Te61E~00 6.15E-00 5.56E=-00
5¢90E~00 5.50E-00 4,58E-00

5.01E~-00 4.10E-00 3,7%E-00
4410E~00 2,80E-00 2.,30E-00
3.00E=00 2.05E~00 1470E=00
1490E-00 1.40E-00 1.20E-00
1420E~00 1s09E~00 9.00E=~01

6+63E-01 8100E~01 8.00E~01
!
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1776401
1.81lE+01
1e86E+01
1.89E+01
1900401

1.89E+01
1.87E+01
1.85E+01
1.82E+01
1.78E401

1e72E+01
1.67€+01
le626+01
1+58E+01
1.53€+01

1.47E+01
1.42E+01
1434E+01
1.28€+01
1e21E+ul

1414E401
1.07€+01
9+86E-00
9+22€-00
8436E~00

T+81E-00
6.85E-00
$.77€-00
5405E-00
4012E-00

3.36E-00
1.90€~00
1427€-00
1.00E~-00
8e55C~01

8.10E-01

2100.

2430E+01
2435E+01
2439E+401
2.41E401
238E+01

2¢33E+01
2.26E401
2.17€E+01
2.07E+01
1.96E+01

1.83E+01
1leT4E+01
1465E+01
1.59E+01
153E4901

1.45E+01
1.38E+01
1430E+01
1.24E+01
l.15€+01

1.08E+01
1.00E+01
9.13E~00
8.52E-00
T81E~00

Te22E-00
6+50E-00
%+45€£-00
4.66E-00
346700

297€E~00
1.60E~00
1.15€E-00
9.00E-01
8.40E-01

8+00E-~01
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T = transmittance of carbon dioxide (CO,}
CO2 2
Tg, = transmitiance of ozone (03)

3
TCH4 = transmittance of methane (Cil 4)
7N20 = transmittance of nitrous oxide (NZO)
THNO3 = h"ansmlttance of nitric acla (HNOa,‘

™. © transmittance of nitrogen continuum
2

Transmittance through aerosols, with:

T, = transmittance through haze with absorption as the attenuating mechanism

Tp = transraittance through haze with scattering as the attenuating mechanism.

The radiaticn transfer equation is set up in the following way in relation to the geometrical
configuration of the atmosphere as shown in Figure 76, with the observer, in this case, at the
earth's surface, the target (or source) at the n-th layer, and a cloud deck at the j-th layer;
with the spectral radiance given by:

L, = € LT IT M7, (A0 + € (LT )7 ()
+ ﬁn;(rp[nm - 7 AV 7]

n .
(AN IE WO LCIRENUZHY (322)
i=j+1

where (with the subscripts s and ¢ referring respectively to source and cloud):
L;(T) = Planck radiance at temperature, T

€(A) = spectral emissivity
Tl = temperature of the {-th shell,

ri(x) = gpectral transmittance of the atmosphere from the observer to the i-th shell,
-ri()\) = spectral transmittance of the i-th shell as affected by scattering.

The scattering considered in Eq. (322) is only a single scattering of radiation out of the
line-of -sight between target and observer.
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FIGURE 76. SCHEMATIC OF OPTICAL PATH FOR TRANSMISSION AND
RADIANCE CALCULATIONS
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7.4.1 TYPES OF MODELS USED

FORMERLY WILLOW RWIN LABORATORIES, 1+ E UNIVERSITY OF MICHIGAN

Because the Aggregate-method extends its spectral coverage from approximately 1 to 30
pm, and since it has been found (Anding, 1967) that different mode:s are best suited for alffer-
ent spectral regions, the Aggregate method consis:s of a variety of models, with line param-
eters derived mainly empirically from a number of laboratory measurements. The models
used, their regions of validity, and the approximate spectral resolution of the line parameter
data are given in Table 48. Tempg2rature dependence is usually ignored except in special
cases (see, e.y., Section 7.4.1.2c). The exact forms of the equétions describing the various
models used in the Aggregate method are given as follows.

7.4.1.1 H20 Vapor

(a) Strong-Line Goody Model (1 to 2 um and 4.3 to 15 pm)

r) = exp [w*K)] /2 (323)
R 2 T T 0.5
where w* = pc[ M(s)(%i—:l) (TTS%) (T g ) ds in pr cm ‘ (324)
0

K(A) = spectral coefficient, given in a set of tables, or stored in some storage device
po‘ = density of air at standard temperature and pressure

M(s) = H,0 vapor mixing ratio in gm nzo per gm dry air at s
P0 = gtandard pressure = 760 mm Hg
To = standard terhperature = 288.15 K
T(') = temperature at which band model parameters are defined usually ¢T0
R = total path length in em

(b) Goody Model (2 to 4.3 um and 15 to 30 pm)

70 = oxp {-wK (/[ + 2WKH0)/F'] v (325)
R T
P(s) "0
wher2 w=p f M(s) == ds in pr cm (326)
0 0 PO T(s)
P
S _ -0
Pl=3 v, _ (327)

R / ( 2
A P(s)
Wo =p M(i:) =5—
2 OJ;) \PO)

To )
), ds (328)
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TABLE 48. SUMMARY OF BAND MODELS USED N COMPUTER PROGRAX..
(From Hamilton, et al., 1973 [13].)

Approximate Coefficient
Spectral Region  Resolution Acquisition Source of
Gas (um) (um) Model’ Proceduve Data Ref.
T
H20 1to2 0.1 Strong-Line Goody Empirical Fit to | Howard, etal., |[[?240}
Lab Data {1955)
2to 4.3 0.05 Goody Empirical Fit to | Burch, et al.,, [[234]
Lab Data (1962)
4.3t 15 0.5 Strong-Line Goody Fapirical Fit o | Howard, e! al., |[240]
Lab Data (1855)
6.68 tc 14.95 0.5 H,y0 Continuum Empirical Fit to | Burch (1970)and| [189],
Lab Data Bigne!l (1870) 241
15 to 30 1.0 Goody Direct from Line ; McClatchey, et | [138]
Parameters al. (1973)
(:02 1.37 to 2.64 0.2 Tabular Data from Empirical Fit to | Howard, etal., |[249]
Strong-Line Elsasser |Lab Data (1955)
2.64 to 2.88 0.01 Classical Elsasser Empirical Fit to | Burch, et al., [234])
Lab Data (1962)
4.184 to 4.454 0.02 Classical Elsasser Empirical Fit to | Bradford, etal., | [ 242]
: Lab Data (1963)
4.465 to 5.355} 0.5 Tabular Data from Empirical Fit to | Howard, et al,, |[240]
9.13 to 11.87 * Strong-Line Elsasser | Lab Data (1955)
11.67 to 19.92 0.10 Temperature Dependent| Empirical Fit tc | Drayson and [:42])
Classical Elsasser Line by Line Young (1967)
Spectra
N,O | 4.228t0 4.73 0.5 Strong-Line Elsasser | Empirica: Fit to | Plyler and [243)
Lab Data Barker (1931)
7.53 to 8.91 0.5 Classical Elsasser Empirical Fit to | Burch, et al., | [234]
Lab Data (1962)
15.4 to 19.3 0.5 Goody Empiriral Fit to | Burch, et al., [234)
Lab Data (1862)
N2 3.76 to 4.83 0.5 N, Continuum limpirical Fit (0 | Burch, et al,, [188]
l.ab Data (1970)
03 9.399 to 10.2 0.1 Modified Classical Smpirical Fit to | Walshaw (1957) | [133]
Elsasser Lab Data
11.7to 15.4 0.5 Goody Empirical Fit to | McCaa and [134]
Lab Data Shaw (1968)
CH, [ 8.81t00.1 0.1 Ciasslcal Elsagser Ermpirical Fit to | Burch, ot al., [ 234)
Lah Data (1962)
HNOg4 5.8 to 5,944
1.45 to 7.80 0.5 Goody Empirical Fit to | Goldman, et [ 244]
10.9 to 11.67 Lab Data al., (1971)

e

240. J. N. Howard, D. Burch ard D. W.lliams, Near-Infrared Transmission Through
Synthetic Atmospheres, Geophysics Regearch Paper No. 40, Report No. AFCRL-TR-55-~
213, Ohio State University, Columbus, 1955.
241. K. Bignell, "The Water Vapor Infrared Continuum,"” Quart. J. Roy. Met. $z¢., Vol. 96,
____1970, pp. 390-403.
242. V. K. Bradford, T. M. McCormick and J. A. Selby, Laboratory Representation of At-
mospheric Paths for Infrarex Absorrtion, Report Ylo. DMP 1431, EMI Electrunics,
Hayes, Middlesex, England, 1963.
243. E. Flyler and E. Barker. "Infrared Spectrum and Molecular Configuration of N3O,"
Phye. Rev., Vol. 38, 1931, p. 1827,
244. A. Goldman, T. G. Kyle and F. 8. Bonomo, "Statistical Band Model Parameters and
Integrated Intenaities for tha 5.9, 7.5, and 11.3u Bands of HNOg Vapor,” Appl. Opt.,
Vol. 10, No. 1, 1971, or, 65-73.
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Kl()«) = spectral coefficient (=8/d)
KZ(J\) = gpectral coefficient (=S/ 2rra£0)
“20 = Lorentz line half -width per unit pressure

(c) ,HZO Continuum (6.68 to 14.95 um)

7(0) = exp - [(p{cl(x)(cz(x)/cl(x)] (T-175)/ 125}

T-175)/125}\
+ p{cymic, 0/, T8V A% G| (329)
P = pressure of the non-absorbing gas in atmospheres
P = pressure of the absorbing gas

T = absolute temperature
Cl(k) = gpectral coefficient for foreign broadening at T = 175 K

where

Cz(k) = gpectral coefficient for foreign broademng at T = 300 X
Ca(X) = spectral cceffirient for self broadening at T = 175 K
o 4()«) = gpectral coefficient for self broadening 2t T = 300 K

w = (see cbove, Eq. 328)

. The water vapor continuum equation was derived from the work cf Bignell (1970), in
which two temperature-depencent coefficients are used, one corresponding to foreign-gas
broadening, and one corresponding to self -brcadening. In accordar:e with the work of Burch,
et al. (1970), Anding (private communication) devised an exponential interpolative scheme for
varying the coefficlients with temperature in accordance with the two fixed, known values at
300 and 175 K. Hence, the equation (329). The value 175 K was chosen as representative of

the lower expected values of the tropopause.
|

7.4.1.2 COz |
{a) Classical Elsagser Model (2.64 - 2.88 um and 4.184 - 4.454 um) :

: 7(A) = 1 - ginh ﬁfylo(y) exp (-y cosh g)dy (330)
: | 0
i \

where B = K'l(x)f

P
P- -wﬂ- Wi Curtiz-Godson equivalent broadening pressure (in mm Hg)
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To

R
w = [ M'(S)@(ﬁ) ds

) 0
\2

R
Ps)
w, = M'(s)( :
1 ( pO/

0

To
ﬂg‘y ds (33 l)

with M'(s) = ratic of partial pressure of absorber to total pressure
K'l(k) = gpectral coefficient (=2na£0/d)

a;:o = Lorentz line hali-width per unit pressure

y = Bx/sinh
V= Kz(x)w/ﬁ [compare: ¥ = Sw/2naL]
xz(x) = spectral coefficient (=S/2m(;‘0)

Io(y) = assocliated Bessel function of zero order, Jo(iy)
Y = value of y at end cf path

(b) Strong-Line Elsasser Model (2.64 - 2,88 um and 4.184 - 4.454 um)
Since this exact solution converjes slowly for larg» values of x, the strong-line approx-

imation is used for ¢ > 20:

70 = 1 - ext [0.58%9)Y 2 (332)

where

2 § 2
crf(é):W 0 exp (-t°)dt

(c) Teniperature-Dependent Classical Elsagser Model (11.67 - 19.92 ym)

The Aggregate method uses the classical Elsasser mcdel for the 15 pm band of COz,
\.e., the spectral resion extending from 11.79 to 19.92 um. Transitions in this band, however,
are highly temperature gensitive; therefore, In detcrminingy the equivalent-path parameters
for the original version of the methed, Anding and Rose developed a procedure for calculating
the equivalent temperature of a variable-temperature path for this spectral region. The tem-
perature determinad oy this method is calculated in the program from which transmlttahces

and radianceg ave calculated with the Aggregate method.

The transmitiance in a small spectral region, Ay, can be written for the slant path as:
1 [ 1ZN : " sy p(e)ds ,
T(Ay)slant = E exp -; 5 3 dv ‘333)
o (v -vg)" toyy
Ay i=1
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For the equivalent homogeneous path:

E : hi th h —l \
T(AV){‘:um:) Av (v - (334

o) _”" Lt |

wiere the subecrlpt h signifieg that the path is homogeneous. The density of the gas is

p(s) = Po T(_)

and the approximate line strength and width are respectively:
S(T) = S(T (T, /132 exp { ——i’ﬁ(,r 2 )} (335)
0

and
a = am(To/T)l/ 2(P/ Py) (336)

where E" = energy of the lower state
k = Boltzmann constant.

If the strong-line couditions are to be considered, then the line centers are completely ab-
sorbed, and only the wings (i.e., (v - vm)z >> af) contribute to changes in transmittance. So,
if the exponents of Eqs. (333) and (334) are equated, making the proper substitutions, the re-

sult is:
N
R 3 2
T, E" - T(B)
0 P(s) (x) “0
ol (58
i=1 -

N o 2
T,\2/P T, -T
_Z:_o Py (E'0) To " Th
i (Th) (Po>w h &P ( k TOTh) (837)
i1

Maintaining the ratios of the strengths for the homogeﬁeous and non-homogeneous paths
either constant or monotonically changing, the two sides of Eq. (337) can be equated line for
line so tha: the summation signs can be dropped. The resuit is solved for Th by an iterative
process.

; It is evident from Eq. (337) that Ty, is a function of wavelength and that it would be neces-
! sary to compute a homogeneous path for each wavelength of the band under consideration,
For many atmespheric applicatioiis, however, it is possible to eliminate this spectral

s
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dependence. Referring to Eq. (335) and recalling that E" increases with suect:a’ Jistance
from its fundamental transition frequency, it can be deduced that, near the vand cenier where
E" i small, the TO/T term dominates the expression for S. In the wings, E" $~ large and the
exponential term becomes the primary factor. But the variability of 8 1 thzn2 /ejicns 18
such that by computation, spectral equivalent temperatures, Th’ varybroulra sor 4 Kfor a
path looking straight up through the atmosphere. For practical purposen, e:rors af this mag-
nitude do not seriously limit the accuracy of the band model an< therefore a weighted mean is
uged as a constant for the value of E".

Absorption calculations are made therefore using band medel parameters derived at the
temperature of the single homogeneous path. A complete capability would then consict of an a
priori knowledge of the abgorption coefficients as functions of wavelength and temperature.
For the Aggregate n.ethod, in order to minimize the time and cost of carrying out the fit-
ting procedu~e for many temperatures, two extremes in temperature were chosen (300 K
and 220 K) to perform the fit; and a temperature interpolation scheine was devised to yield
the ah orption coeffi. .ents for all intermediate temperatures.

The values of the coefficients were calculated from:

. Ay exp~(A,/T,)
%=_l____2_i__'3_. (338)
Ty
and
20..8 A,exp-(A, -T,)
L0 - 3 4 h (339)
a® Ty

where Al’ Az, A3 and A4 are the spectral parametars to be used for Eq. (330)

(d) Empirical Model (Using Tabular Data) (1.37 - 2.64 um, 4.465 to 5.355 pym and 9.13 to
1167 um)

A simple empirical model i3 used in the Aggregate method for the spectral reglon be-
tween 4.465 and 5.355 um. Altshuler [245] related the transmittance in his model to the ar-
gument w*K(A) so that

7= 7(w*K()) ' (340)

245. T. L. Altshulter, lrlrared Tranamission and Background Radlation by Cle.r itmo-
spheres, No. 61SD109, General Electric Co., 1981, 140 pp.
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R @ 2 T T 0.5
] P(g 0 0
wfxere w® = Jo M (s)("f";*) (ﬂ?ﬂ)(ﬁ‘@)‘) ds (341)

IX(A) = spectral coefficient
M'(s) = (see Eq. (331)).
The Altshnler model was adopted for the spectral region menticned and the values of
K(\) and w*K(2) are tabulated. The transmittance for any given conditon is cbtained by inter-

polaticn between tabulated values.

7.4.1.3 03

(1) Goody Modei (11.7 to 15.4 pm) _
In calculating the transmittance in the spectral region from 11.7 to 15.36 um, the Aggre-

gate method uses the Goody model as specified bv:
= 1/2
7() = exp {-wK (A)/[1 + K, (\w/4PK,(M)] (342)

where Kl(h), Kz()\) are spectral parameters. The values w and P are calculated as pre-
viously shown.

{b) Modified Elsasser (9.398 to 10.19 um)
For the spactral region from 9.398 to 10.19 um, the classical Elsasser model is used

with the parameter g 1:odified to:

2nor =
(2 B

where c(A) = spectral parameter.

T.4.1.4 HNO, '

Goody Model (5.8 to 5.944 1:m, 7.45 to 7.80 pm and 10.9 to 11.67 um)

As shown in Table 48, the Goody model is used for nitric acid in all spectral regions and
the equation defining its transmittance is given in Eq. (342), with the spectral parameters
specific to HNOa. It will be noted that the form of Eq. (342) is slighily different from that
given for H,0 vapor In Eq. (325).

7.4.1.5 CH‘1

Elsasger Model (3.%1 15 9.1 um)
As shown In Tablc 48, the claesical Elgasser model, renregented by Egs. (330) and (331),
is used to calculate the transmittance of methane,
300
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7.4.1.8 Eg_

Continuum (3.76 to 4.83 um)
The Aggregate method for trangmittance in the N2 continuum region is adopted directly

from the work of Burch, et al, (1970) covering the spectrum from 3.78 to 4.83 um, and is
given by:

T{) = exp -[KB(A)W' + Kt(x)wf] (344)

where Ks(h) and Kf(k) are, respectively, the rpectral coefficlents for self-broadening and

foreign broadening; and W and wy are described as:

R P:(rnz To
w, = 2.69 -T,B—J | (345)
0 .
and
R, TRy
P*(r)P (r)! T
W - z.esj H_L%_] dr (346)
o Po g

given in the units (10" . molecules-atri/cm?). The P; and P; are, respectively, the effective

pressuves for self -broadening and foreign gas broadening, and are given by:

. :
I‘. = PNz(l + O'OOIPNz/éO) (347) |
.
Pi = Poz(l + 0.0011’0/1’0) (348a)

with PN and Po » Tespactively, the partial pressures of nitrogen and oxygen.
2 2 :

and

7.4.1.7 5_23

(a) Strong-Line Flsasser Model (4.228 to 4.73 um)
In the speciral region {rom 4.228 to 4.73 um the strong-line rpproximation to the Elgasser

mode! I8 used in the fo 'm shown in the following equation: .

70) = 1 - erf [w*K(\)] /2 (348b)

et ot s BT K2 s i
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wnere K(A} = spectral coefiicient

R ’ ©) 2 T 0.5
*o b ae) Pis) 9 d (348c)
| ) ()

£
!

(b) Classical Elsasser (7.53 to 8.91 um)
In the spectral region from 7.533 to 8.909 um, the classical Elsasser model is used, as
cemonstraied in Eg. (330) and by the equaticn below Eq. (330) defining the equivalent amount

of absorber.

(c) Goody Model (12.4 to 19.3 pm) ,
For the spectral region from 15.408 to 19.231 um, the form of the Goody model repre-
sented by Eq. (342) is used and the cptical depth is defined as in the case of 03 where this

eguation is used.

7.4.2 SCATTERING

In addition to gaseous absorption by atmospheric mo! ::ules, the Aggregate method (see
Hamilton, et al., 1973) a~counts also for the single scattering of radiation from the observed
target out of the line-of -sight, caused by particles in the 2atmcsphere. The model uses a

maritime haze distribution (see Section 10) in the equation:

=b__ ()2

Texto‘) =e o (349)

representing extinction by particles, where bext(” is the wavelength dependent extinction
coefficlent and £ is the path length. The two parts of the extinction coefficient, ba(k) and
bﬂ(x), for the absorption and scattering, respectively, are accounted for l; the following
equations In terms of the particle radius, r, and size distribution per em”, N(r):

©
2

SR fo Q4 PIrr?N(r) dr (350)

and
© 2
b (A) =f Q_(\, r}rr“N(r)dr (351)
8 0o B

where the efficicncy faclors Qext and Qa are obwained from:

©
Qext(h' r)= ;{%Z(Zn + 1) Real {Anl':(, m(A)} + Bn[x, m(\)]} (352}
n=1

and
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2 & 2 2
QM 1) = —2-2:(2n + l){lAn(x, mQ)] 1€+ an[x, m(\)] | } (353)
x n=1
where: x = 2nr/A

m(7) = complex index of refraction of the scatterers

An' Bn = gcattering parameters.
For a more detalled discussion of the scattering phenomenon, the reader is reterred (o
Section 2.

In the Aggregate method the total scattering in the path is accounted for by accumulating
the effect in the non-homogetnieous atmosphere over the various layers so that

T(A) = exp {-{b, W)] £, } xexp {-[b_ M) 25} x. ..

ooxexp{-b )] ¢} (354)

The Aggregate methods allows the particle distribution to remain constant with altitude with
only the particle density varying. Since the extinction coefficient i8 normuiized to the effect

by 1 particle/cms, the transmittance is given by:
n
Toxt®) = €xp {-{b, ()] ‘ZD‘I i
i=1

where D1 = FN(:-) dr is the particle density in the i-th layer.
0

7.4.3 RECENT TECHNIQUES IN BAND PARAMETER CALCULATION SUGGESTED
FOR THE AGGREGATE METHOD

7.4.3.1 Descripcion of the Technique

Rose [246] has suggested in an unpublighed paper that, in an attempt to retain the Jim-
plicity and the low~cost advantage of tLe band mode) for spectral regions where few good
laboratory data existed, and at the sar 1 time to make use of high resolution information re-
sulting from a line-by-lire appruach, an up-to-date concept in band modeling be evolived.
Indeed, Anding (1974) has begun to revise lineg in the middle-to-leng IR region by this tech-
nique in his newer version of the Aggregate method. The calculatizn approach diifers from
the original in that the band model utilizer absorption coefficients derived from some of the
basic data generated in a line-by-line method.

24¢. H. Rose, Privute communication - Line Parameter Determination of Band Mocel
Parameters, 1974.
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Rose presented the details pertinent to the derivation of the model lor the 15 um band of
CO2 using the Elsasser model. This spectral region was chosen for the initial work because.
of the "conspicuous lack of good modeling procedures,' and also because of the added em-
phasis of newer technology in the long wavelength infrared. The analysis indicates the
model's worth and a discussion regarding its application to atmospheric slant paths,

In choosing the approach, Rose adopted Drayson's (1967) development of rigorous line-
ty-line omputational capability in the 15 um band. The spectra he obtaired (see Figure 77)
rescltiog from Drayson's technique compare very well to both laboratory homogeneous data
and *o field measurement spectra obtained at high resolution (up to 0.1 cm'l). It was con-
cluded, thercfore, that a band-model calculation of the parameters 2nam(h)/ d and S(1)/4,
based upon spectra produced by the Drayson technique, coald be developed *» produce more

reliable spectra than from previous models.

The details involving the complete specification of the band model parameters, the so-
called "fitting" procedure, are docurn.ented elsewhere (cee Section 5). Otherwise, Rose pre-
sented the following pertinent insights. First, it is considered essentlal that application of
" the model be extended to absorber concentrations and pressures that are encompassed by the
data used to perform the fit. This precaution insures that extrarolation of the original data
need not be made. Also, since it is desired to apply the model later te slant path calcula-
tions, (w, P) pairs were chosen for the initial synthesis of a-ectra to represent a wide variety
of atmospheric paths and at the same time yield a full range of absorptance values for each
Av.

These requirements point out an important ad-antage in using "synthetic’ rather than
laboratory data to perform the fil. Certain extreme path coaditions are difficuit  not im-
possible to achieve in the laboratory, whereas the rigorous method {s not limited to as great
an extent by these practical considerations. Thus, the line-hy-line method can presumably
supply spectra for the full extent of optical depth and pressure values. Thir advantzge i3
most important at low values of pressure. For this condition, a second type of ilnc broaden~
ing becomes important, thé purely teraperature broadenad Doppler lin2, The Drayson pro-
gram applies a mixed Doppler-Lorentz line shape for pressures below 100 mb while retain-
ing the pure Loreatz shape for higher pressures. Using line-by-line synthetic data in the fit-
ting procedure ylelds a band model technique which, at small pressurés, compensates for the
mode!'s inherent inability to handle the Doppler broadened line. At the same time, it can be
seen that tand model methods derived directly from line parameters could not handle the
Doppler-Lorentz line shape without destroying the band model's cost time advantage over a
line-by-line approach.
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The Drayson program was used to calculate spectra at 309 K for each path chosen and
the data were smoothed to 5 cm'1 resolution with points every 2 cm-l. The mechanics of
determining the best parameters or absorption coefficients at each Av were handled by a
least-squares minimization technique programmed by Baumeister and Marquardt. This meth~
od minimizes the gums of the syuares of the di{ferences between the absorption calculated by
Drayson and that calculated by the Elsasser model for all the paths in question. The band
model parameters were thus obtainea throughcut the 500-850 cm'1 interval consistent with
the resolution of the line-by-~iine smoothed data.

7.4.3.2 Evaluation of the Technique
To evaluate the band model, cemparisons were obtai.led among gpectra produced by the

model and two other sources of homogeneous data. It is expected, however, that fo;* non-
homogeneous paths, with teraperature variationz, the limitation in accuracy will be the same
as with the models incorporating parameters derived from laboratory data. The first set of
spectra (Fig. 77), exhibits the ability of the model to reproduce the spectra of Drayson fro:n
which the parameters were determined. In addition to the band model results and Drayson's
data, Figure 77(a) also presents a curve obtained by the method of Altshuler (1961). The lat-
ter, having in the past been considered as state-of-the-art, is presemted for comparison.

It appears, in comparing the result of the new technique with the "exact’ calculation, that
the major areas of large discrepancies are the very intensely absorbing Q-branches, in which
results were not expected to be the quality of other spectral intervals. One gencral problem
experienced with the Elsasser mcdel in there regions 's the tendency to overpredist absorp-
tlon fo: large values of absorptivity and under -predict for smull values. !n an attempt to im-
prove accuracies in the intense regions, "synthetic data were also fitted to the Goody model.

The standard errors,

L i .
N/kl[A(l)Drayson - A(I)Model]

where N is the number of data points or paths, were, however, consistently greater for the
statistical model than the Elsasser modal.

7.4.4 COMPARISONS OF CALCULATED VALUES AND THE VALUES FROM F:ELD
EXPERIMENTAL DATA

The following figurez portray comparisons between spectra calculated by the Aggregate
method and otherg obtained experimentally in field measurements.
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Figure % 8,0btained from Anding [247] compares the calculated values with the measured

values of Yates and Taylor [248] for relatively small quantities of ahsorber.

Figure 79, caiculated for this regort, comparesg the calculaticn with measured values of
Taylor and Yates [249] for a larger path and larger quantities cf absurber.

Figure 80, also calculated for this roport, compares the calculation with measured values
of Taylor and Yates (1957) for a still larger path and larger quantities of absorber.

Figure 81, calculate. for t! s report, compares the calculation with the measured valiues
of Streete [250] for a 25 km pat'. and relatively large quanti*ies of absorber.

Figure 82, calculateg for ti:’s report, compares the calculation with the measured values
of Ashley [251] for a 12 km path and absorber amounts intermediate to the values of Taylor
and Yates and of Streete. No scattering is calculated.

A lack of perfect agreemer” .an be attributed to a number of things in addition to the
naturally limited accuracy of t 1d models. In the first place we have used the generalized
scattering calculation in the Ap ,regate program which may not account for actual conditions
and by virtue of which, at shorter wavelengths, the difference might be sizable. Also soms o
the quantities of Hzo vapor are qiite large creating a situation to which it becomes difficult
to extrapolate. For reasonable quantities of H20 vapor and with a reasonable understanding
of atmospheric conditions, the agreement 1s expected to be better.

Even with good agreenent we still have only ’imited comparisons because there are no
conaitions reproduced experimentally for which calculated and measured values have beer
compared for slant paths, particulariy in a controlled environment. See, however, the con-
ditional comparisons with Nimbus data shown in Section 9.

7.5 LOWTRAN 2 METHOD

The LOWT'RAN code covers the spectral range from 0.25 to 28.5 um (350 to 40,000 cm'l)
with line parameters defined to a resolution of 20 cm"l, spaced apart in steps of 5 em™. The
calculation Is made on an atmosphere represented by a 33-layer model of altitudes, pressures,

247. D. Anding, Private Communication, New Technique in Parameter Calculation, 1974.

248. H. W. Yates and J. H. Taylor, Infrared Transmission of the Atmosphere, NRL Report
5453, Naval Research Laboratory, Washington, D. C., 1950,

249. J. H. Taylor and H. W. Yates, "Atmospheric Transmisston in Infrared,” J. Opt. Soc.
Am., Vol. 47, No. 3, 1957, pp. 223-226.

250. J. L. Streete, "Infrared Measurements of Atmospharic Transmisslon at Sea Level,"
Appl. Opt., Vol. 7, No. 8, 1968, pp. 1545-1549,

251. G. Ashley, Private communication, 1974.
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FIGURE 78. COMPARISON BETWEEN TRANSMITTANCES CALCULATED BY THE
AGGREGATE METHOD AND THE EXPERIMENTAL DATA OF YATES
AND TAYLOR (1960 [248].)
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PATH LENGTH -~ 39,000 FEET TEMPERATURE — 55°F DATE - NOV 13, 1972 SCURCE ALT, — 3778 FT MSL
SPECTRAL RESOLUTION — 2 em-! TOTAL H20 - 10em TIME -~ 20:39 PST RECEIVER ALT. - 720 FT MSL
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(b) Experimental

FIGURE 82. COMPARISON BETWEEN TRANSMITTANCES CALCULATED BY THE
AGGREGATE METHOD AND THE EXPERIMENTAL DATA OF ASHLEY (PRIVATE
COMMUNICATION). Path length = 39 Kft, amount of H20 = 10 pr cm. {(Cencluded)
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temperatures, etc. (see Section 10), derived from the 1962 U. S. Standard Atmogphere and its
Supplements. The path of the transmitted beam is considered to be refracted (see Appendix)
by changes in atmospheric density, and this fact is taken into account in the program in a sub-
routine which is optional.

7.5.1 METHOD OF DEVELOPMENT

The LOWTRAN 2 modei (Selhy aid McClatchey, 1972) is the most clearly empirical of
the sn-called band models in that it takes on no analytically recognizable functional structure.
In this way, it resembles the technique by Altshulcr {1961) in the development of the empirical-
functional form of the transmittance by CO2 in the spectral regions for which the Elsasser
model is delicient. The procedure used for presenting the data is also reminiscent of the
Altshulzr report, wherein a series of nomographs are included from which it is possible to
determine all of the quantities needed for determining transmittance once the atmospheric
conditions have been established.

The functional form cf the average transmittance over the 20 cm'l spectral interval ob-
tained as a result of molecular absorption is given in terms of w*, the equivalent amount of

absorber as:

T=4C,, w") (355)

where w” = 113(2) V () } (356)

with w = amount of abscrier
n = empirically determined coefficient from laboratory experimental data and irom
calculations using the AFCRL line parame.er compilation.

One may note the similarity between this expression and the exprezsion used by Altshuler,
which was: . !

)=t (S;’)(Qd)n (357)

where 7(A) reduces to the we.ik- and strong-line limits respectively, l.e.,
Swa,

() =1 -5‘;1 and 7(A) ( dzL)

whenn =0 and n = 1. The vrlues of n in the intermediate caze of the LOWTRAN method
have been calculated as follows:
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n = 0.9 for Hz(\
n=0.4 for O, ‘ |
n = 0.75 for the so-called uniformly mixed gases (i.e., €O,, N,0, CO, CH 4 and 02).

A comparison of Eqgs. (355) with (357) shows an implicit neglect of the temperature dependence

of S.
Writing Eq. (355) in a more general form expressing n explicitly:

7o, = £ CWPY) (358)

shows the functional relationship of the parameters, with the temperature dependence of the
half-width apparently beiug either ignored or assumed in the value of C(»). Inverting Eq. (358)

yields:

CwP® = 1 {7 ()} (359)
and, taking logarithms:
nlog P +log w = log f'l(?) - log C(v) (360)

Selby [252] has provided the format for performing the data fit to Eq. (360) which requires a
large quantity of data plotted in the form shown in Figure 83. ?Ay(u) vs log w is plotted in
groups or families of curves corresponding to fixed pressures, Py, P2’ P3, etc. The 7 AV(u)
are the transmittance values obtained from laboratory experimental data or calculated from
the liue parameters in the AFCRL compilation, and averaged over 20 cm -1 to represent the
final resolution of the LOWTRAN results. The value of y, the central frequency in the 20
cm'1 interval, is also fixed in each set of curves represented by Figure 83. Thus, for a fixed
value of 7 Ay(") as shown, several values of w corresponding to the various curves, repre-
sented by the different pressures, are obtained. Since the right side of Eq. (360) is constant,

the simultaneous solutions of two linear equations provide a value of n.
Thus, for each curve in Figure 83, Eq. (360) can be written:
nlog P, +log w; = const. ’

in which the i designates the i-th curve (1 = 1, 2, 3, . . .) and the constant involves the conntant
values of 7 and v. A value of n can then be obtained for any pair of curves. Selby carries out
this procedure for a large number of frequencies covering the important absorption bands

252. J. Selby, Atmospheric Transmittance, 1., Acvanced IR Conference Notes, University of
Michigan Summer Conference, Ann Arbor, 1874,
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for each molecule. In this way, a mean value of n is calculated for each molecule. These

values are reproduced as follows:

Abzorber n £nectral Regions
H,0 0.9 2.1,6.3,20-30 um
0, 0.4 4.7,9.6, 14 um
Uniform Mixed
(CO2 +NO+.. J) 0.75 3-5,7-10, 14-17 um

The next step in the procedure is to plot the curve ;AV(V) as a function of log wP" for
each frequency, using tt2 nreviously calculated maan value for n, yielding a plot cemonstrated
schematically in ¥igure 5% The curve mnst rerresentative of the scattered points in Fig-
ure 84 (the solid curve) is aigitized Jor the LOATRAN computer code, and ts displayed also
as the one-dimensional non-linear transmittince scale and associaied scaling factor in the
curves shown in Figure 55. The final step is to determine ke value of C(v) for each frequency,
which pieduces the curve in each of the giaphs of these figures. Resorting again to Eq. (36C),

the value log C(v) is solved from:
-1,- n
log C(v) = log {f (TAV(V\)} - log wP

and the curve in Figure 84. Thus, the intercept or the 7oscissa correspording. via the curve,
to the value of 7 is, in rezlity, log {f-l(;)} = log wP™ + log C(v). The value of the abscissa
corresponding to log wP" Is also calculated. The difference between these two points, is,
therefore, the value of Civ). By repeating this procedure for a large number and variety of

w and P, l.e., absorber concentrations and pressures, an average C{yv) can be obtained for
each 1. As the procedure is repeated for a large number of p-ralues, the input to the produc-

tion of curves represented by Figure 85 is provided.

The curves of Fizure 85 show the plot of actual data {rom which the analytical curves are
constructed. One is for ozone at y = 1060 cm-1 for the famlily of pressures shown; and the
other is for the uniformly mixed gases at v = 2200 cm'l. Note that the final curve is nsed tc
represent the desired function in each case, and that the points are packed reasonably close,
showing that a single function approximates transmittance througzh the gas. Note also that the
first and second curves in each sei represant, regpectively, the plot of the same data in terms
of the weck- and strong-lire functions. The dlznarity is obvious, as il should be in these
cases in waich the optical cepths are intermediale to those which would produce the limiting
effects.

Once the function, {, is plotted against a standardized amount cf absorber for a given fre-
quency, 2 scale is establizhad between the two co that a transmli‘tance curve commen to all
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FIGURE 88. EXAMPLE SHOWING THE DEVELOPMFNT OF TRANSMITTANCE FUNC-
TiONS FOR OZONE AND THE UNIFORMLY MIXED GASES. (From Selby, 1974[252].)
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values of the absorber can be plotted as in Figure 85, with only a vertical movement of the
scale shown at the right of the figure causing the curve to represent a new absorber configu-
ration. Selby and McClatchey (1972) describe a computer code from which calculations of at-
mospheric transmi‘tance can be made with a given set of inputs. Using the LOWTRAN model,
McClatchey, et al. (1972) have published a set of curves from which rudimentary determina-
tions ca- Y%e made quickly and with reasonable acctracy, without resorting to the computer.
Figure 85 Is an example of the set.

These cﬁrves, which will be dascribed subsequer.ly, are useable for any kind of -ath,
i.e., constant at various altitudes, or for slant paths. Since the curves are plotted for stan-
dard conditions, the equivalent path conditions must be determined before the curvee can be
used. The determination of these equivalent path conditions is made on the basis of a set of
graphs (éee next section), similar to thoce by Altshuler (1961). One notes, in reference to
Section 7.4 on the Aggregate method, that part of the Aggregate code uses the results of

Altshuler's investigation as input parameters.

The LOWTRAN 2 model calculates transmittance as affected by 1{20 vapor, O3 and the
so-called uniformly mixed gases, i.e., COZ' NZO’ CO, CH4, and 02. It includes also the effect
of Nz in a continuum in the 4.3 um region, and HZO in a contimum in the 10 um region. In
addition, it includes the effect on transmittance due to scattering by molecules and aerosols,

from the point of view only of single scattering.

7.5.2 DETERMINATION OF ABSORBER AMOUNT

In using the curve of transmittance vs frequency shown in Iigure 85, it is necessary first,
by using curves similar to those in Figure 87, to determine the equivalent quantity of absorber
in a slant path to app)y to the transmittance curves. The set of curves depicting the abgsorber

amount have been obtained from the following.

7.5.2.1 Water Vapor (H,0)

If the path is horizontal then, at the aliitude for which pressure is P:

/ 0.9

w* = w(z)\-};‘l) (361)
0

is used to calculate the equivaient amount of aksorber. The Hzo vapor concentration i3 given

by w(z) gm/cmz/knt. The range, R, in km is multiplied by the appropriate value, which is

plotted in the report by McClatchey, et al. (1972). For determining the equivalent absorber

amount in a slant path, one uses the curve in Figure 87 obtained from:
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] \0.9
w* -I w(z)(f%/ dz (362)

z

From this curve is obtained the value in a vertical path hetween the altitude shown on the ab-
scissa and Infinity. The amount in a slant path between two altitudes Is determined by the dif-
ference in the values obtained at the two altitudes multiplied by the secant of the angle betyeen
the upward vertical and the slant path. Corrections for refraction and earth curvature are
given by McClatchey, et al. (1972) for angles greater than 80°, Each curve in the family of
surves in this figure represents a model atmosphere as described in Section 10. Similar
curves are to be found in McClatchey, et al. (197?2),

7.5.2.2 Ozone (03)

For ozone, the equations are similar with:

04
w' = w(z)(l-,?—) (363)
0

for the horizontal path, with w(z) in (atm-cm)/km. For the glant path, the vertical component
is calculated from:

0 VO 4
w' =I w(z)(i,%) dz (364)

’

0.4 © 0.4
The curves reprosenting the quantities w(z) (Fp_) and I w(z)(P£> dz, respectively, are
0 ‘ 0
to be found in McClatchey, et al. (1972).

Fui the spectral region between 0.25 and 0.75 um, the absorption coefficient 1s independent
of pressure, und thke absorber curves take on a slightly diffcrent character. See McClatchey,
et al, (1972).

7.5.2.3 Uniforn.ly Mixed Gases (COz, N,0, CO, CHy, 02)

For the uniformly mixed gases, with ¢ the fractional concentration by volume, the amount
of absoruer, reauced to standard conditions, is:

-l
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The value of n used for determining the equivalent amount is 0.75 for the uniformly mixed

gases 50 that in the horizontal path, for which the calculation is made for the equivalent sea-
level path length,

1.75
T
(e (&) o

For vertical (and thus, slant) paths the formula is given by:

\1T5/p o
!'_c: . r(.’?o. _TQ\ dz (366)
z ’ _ ,

In the horizontal path case, the equivalent paih length is obtained, as for the other constituents,
by multiplying the value from the appropriate curve, for a chosen point on the abscissa, by

the actval number of kilometers in the path. For the vertical case, the number of equivaleat
kilometers upward from the chosen altitude is obtained from the ordinate corresponding to a
prescribed value on the abscissa. The slant path is obtained as before. The curve for the
vertical case is reproduced from McClatchey, et al. (1972) in Figure 88,

ol®

2

Absorption by the nitrogen collision induced band is taken proportional to Pz. Thus, for
a concentration ¢, analogous to the case of the vniformly mixed gases:

z . .
» T
HOIC

for the horizontal case; and

w' p 2 Ty
L (Fo— T)dz (368)
z

for the vortical case. The fignres representing these cases are to be found in McClatchey,
et al. (1972).

7.5.2.4 N, Continuum

7.5.2.5 H20 Contimum

For the equivalent amount of Hzo vapor contributing to absorption in the 10 ym continuum
region, the expresslon is given as:
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1 1
b -=—{Pp + 0.005<P ~-p ) w'(z) (369)
n” By [ H,0 H,0 _J
where w'(z)is the number of precipitable cm/km of nzo vapor at altitude z, for which the total

pressure is P and the partial pressure of Hzo vapor is Py o For venical (and thus slant)
2

paths the sea-level equivalent of the H20 vapor is:

b()=f =lp.. . +0.005(P -p "(z)dz (370)
v 2 ; Po| Hy0 H,0 wiz |

Curves depicting these valuea for different model atmospheres are given in McClatchey, et al.
(1972). Justification for the expressions used in Eqs. (369) and (370) is derived from the work

of Burch (1970).

7.5.2.6 Molecular Scattering
Since molecular scattering is a function of atmespheric density, the scatterer concentra-

tion is normalized to sea-level concentration given by the dimensionless quantity (for the

horizontul case):
(371)

m, = p(z)/p,
where p(z) is the atmospheric density obtained, usually from published tables (see Section 10).
The equation in which this value is used in LOWTRAN 2 involves the function 9.307E - 20 x
v4'ou7included in the LOWTR.AN 2 code to be consistent with the calculations for the absurb-
ing components. For the vertical path (from which the slant path concentration can be calcu-

lated) the quantity is:
0
m, =fz p(z)/podz (372)
which gives the effective length of the slant path.

1.5.2.7 Aerosol Extinction
The determination of aerosol extinction is made on the tasis of the particle size distribu~

tion, which for LOWTRAN 2 is givea in Section 10, and is considered to be canstant with al-
titude. The number density, D(z), is also given in Section 10 and the dimengionless quantity:

D! . .
ay = ﬁ? , | (373)

is plotted in McClatchey, et al. (1972) as a funciion of altitude for use with the function 3.745E -

5 x 1'0'85% in the case of a horizontal path. For the vertical path (and thus for use with the

slant path) the quantity calculated for use in the transmittance equation is:
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D

O p(z)
v fz 0

where D(z) is the number density at altitude, z, and D0 is the value at sea-level.

7.5.3 USE OF THE LOWTRAN MLTHOD

The values of equivalent absorber amount are coraputed in the LOWTRAN 2 program.
They can be used also with the scaling factors provided by reterring to the charts provided
in the report by McClatchey, et al. (1972), as a very convenient tool for determining rupidiy
and accurately the value of transmittance at any frequency (wavelength) and for aay path con-
ditions, provided one is willir.g to accept one of the standard model atmospheres as represen-
tative of the conditions pertinent to the prescribed situziicn. The charts are simple to use in
conjunction with the charts from which the equivalent at sorber amounts are determined and
they are compatible with the latter sc that the scale need only be moved to the properly deter-
mined absorber amount in the appropriate dimensions, and the transmittance is read on the

accompanying transmittance scale from the curve.

It is interesting to compare the charts of McClatchey, et al. (1972) with the ones gener-
ated earlier by Altshuler (1561) and reproduced in abbreviated form from the report by
Anding (1967). These are shown in Figures 89 through 91. The accuracy claimed by
McClatchey, et al. in using the LOWTRAN 2 technique is decreasing as the transmittance
approaches unity, which is apparent from the fact that the curves (see, for example, Fig. 83)
in the development of the model change very slowly in the region of unity transmittance. The
value of 10 percent is evidently an estimate based on an agsumption that most conditions under
which atmospheric transmittance calculations will be made will be consistent with the effec -
tive absorber amount calculated using Pn, with the n-values given above. Nothing in the liter-
ature has been found to check this aliegation. Obviously, when conditions are more closely
consistent with the weak - and strong-line representations of the model, then the LOWTRAN
model will tend, respectively, to underestimate and overestimate the actual value of transmit-
tance. On the other hand, one should refrain from using the model for the calculation of path
radiance under conditions of high xranamittance, since the uncertainty in atmospheric emis-

sivity Increases greatly.

McClateney, et al. (1972) also caution that there may be an error introduced resulting
from the neglect of a temperature dependence in the model. The temperature used for the
determination of the cu:ve representi.ig the model was 273 K. No suggestion 13 given to the
user regarding the confideace he can 3lace in results calculated for cases in which the tem-~
perature differs greatly from thoae used In construction of the model, except a qualitative
assessment of the effect of changes in energy state populations. However, Selby (1874z) has
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performed a calculation of the radiance in a path downward looking toward the earth, and
compared them with data taken from satellites. The comparison, as shown in Figure 92, is
favorable, although one must always be careful in the interpretation of data for which meteo-

rological parameters are not wel! known. See the additional discussion in Section 9.

In their report on the Optical Properties of the Atmosphere, McClatchey, et al. (1972)
provide many of the user benefits not found in the operation of their LOWTRAN computer
code, among which are certain scattering pheaomena —although a simple function for extinc-
tion due to single scattering is used in LOWTRAN —and infrared emission by the earth and
atmosphere. By the application of special formulas given in the above-mentioned report,
limit2d generalized curves of golar radiation scaitered fram aerosols and clouds are fur-
nished, ag well as atmospheric radiance obcerved by a downward- or upwa.rd-loaklng gensor.
The interested reader is referred to the report for these data, which are considered of second-

ary importance to this report and, therefore, are not reproduced here. Based on discussions
with cne of the authors of the LOWTRAN code (Selby, 1974a), it has been learned that a code
to be used in conjunction with LOWTRAN will soon be available for calculating radiance from
the earth and atmosphere.

7.5.4 COMPARISONS OF CALCULATED VALUES AND THE VALUES FROM FIELD
EXPERIMENTAL DATA

The following figures portray comparisons between spectra calculated by the LOWTRAN
2 method nand others ohtained experimentally in field measurements.

Figure 93 is reproduced from Selby and McClatchey (1972) showing a comparison be-
tween the calculated values and the experimental values of Gebble, et al. [253] in the upper
set of curves. The quantity of absorber is small and good agreemont is expected. The rest
of the curves in the figure thow a comparison of computed values with the experimental data
of Yates and Taylor (1660), again for a small quantity of absorber.

Figure 94 was provided by J. E. A. Selby (1974a) to show a co.nparison between the trans-
mittance values calculrted with the LOWTRAN 2 method and experimental data from EMI®
over a relatively short path with relatively small absorber amounts.

Figure 95 was provided by J. E. A. Selby (1974a) to show a comparison betweer salues
valculated with LOWTRAN 2 and experimental data of Ashle s (General Dynamics, Pomona,
1974) over a path of moderate length.

*EMI Electronice, Ltd., Hayes, Middlesex, England.
253. H. A. Gebble, W. Harding, C. Hilsum, A. Pryce and V. Roberts, "Atmospheric Trana-
mission in the 1-14u Region,” Proc. of the Roy. Boc., Vol. 206A, 1951, p. 87.
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Figure 96 was provided by J. E. A. Selby (1974a) to show a comparigon between values
calculated with LOWTRAN 2 and experimental data of Ashley over a longer path with larger

quantities of absorber.
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8
MULTI-PARAMETER ANALYTICAL PROCEDURES

The methods presented in the previous chapter, with the exception of LOWTRAN 2, are
for the most part either ordinary models covering limited spectral ranges, or collections of
models and approximations used to cover a broad spectral range. The LOWTRAN function
is purely empirically derived. The procedures developed in this section are derived on the
basis of analytical functions which suit the whole spectral range as long as snecfal parameters

are changed to suit each spectral interval.

8.1 ZACHOR'S FORMULATION

The starting-point for this section is the procedure originated by Zachor (1968a)in a
manipulation of the mathematical exprlessinn of the statistical Goody band modei (Mayer, 1947;
Goody, 1952), i.e., an expression of the transmittance due to a infinite array of Lorentz lines
which are Poisson-distributed in frequency, and distributea’ exponentially in stiength. (See
Eq. 184; Table 20.) This model has the form (See e.g., Eq. (325)).

7(A) = exp {-wxl(x)/[l + 2WK, (\)/ P ]""""} ’ (375)
which is redefined here partly in terms of Zachor's nomenclature as:
r =exp[-y/(1+ 2~y/ﬁl)1/2 = exp {- (—% + ;%)'1/2} (376)
Y
2na |

where y=3¥,g-—L .pp

w = absorber amount (e.g., pr cm)
S = mean line strength
d = mean line separation
ay = Lorentz line half-width, proportional to broadening pressure, P

)
271 o

Lo
Bo =—3

In the first form «f Eq. (376), it is observed that for ~/g >> 1 there emerges the expression for
the strong-iine transmittance form of the Goody model (compare Expression #10, Table 20),
namely: .

7, = exp [-0p/2) /%) | @)

whereas for y/B << 1, the Beer's law expression results;

7 = exp (-7) : o (378)
346
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which results in any band-mode! prediction of transmittance for overlapping lines. Zachor
alleges that the curve rrepresented schematically in Figure 97 is typical of the plot of labura-
tory data in that format, and that the envelope of the curve represents the strong-line representa-
tion of different models given as L f(wP) where, for wP small, the straight-line portion corre-
sponding to const-(wP)l/2 is evident.

Since every model for overlapping lines results in the Beer's law expressiou in the limit,
each horizontal line corresponds to an asymptote determined by a given quantity of absorber,
W =Wy, W, ws, . .. The generalization of these facts is that every model is represented by one
of the numerous curves which can make up Figure 97 with ""the essential dissimilarities between
observations at differem wavelengths in the same or indifferent bands (being) the mathematical
form of f(wP) and 'rate of transition' between this function and Beer's law. These considera-
tions suggest that all laboratory data of moderate resolution mig+t be represented by an equa-

tion of general form;
T= g(Ts) TB' M) (379)

which depends explicitly on the Beer's law transmittance B and an empirically determined

function Tg for the strong-line region. The function g should be asymptotic to Tg and g with

a transition rate governed by some adjustable parameter, M."

Zachor's derivation of a general function starts with a rearrangement of Eq. (376) in the
form:

A N (T R T R L e (380)
which easily follows with the help of Eqs. (377) and (378) after the natural logarithm of each is
taken and substituted into Eq. (376). In the form of Eq. (380), we observe that the Goody model,
with no approximations, results from the sum of two vectors, perpendicular to each other, whose
lengths are given by (~fn TB)-I = y'l and (-fn rs)'l. It fcllows directly that as either vector
vanishes the other is represented by one of the asymptotes to the curve of Figure 97. This
vectorial approach to the formulation of a model then suggests that the generalization of the two-
dimensional scheme is the intioduction of a to-be-specified angle between the vectors, of any
value whatever, dependent on the for.n of the model which describes the transmittance at a given
frequency. The most general form ¢f Eq. (380} would be, then:

(a2 oy (tnr)? v 2cos £yt r ) (381)
in which 7* is the model's approximalion to the actua! transmittance r. By eolving for 7* and

writing M = 2 cos £, one finds
7% = exp {-[7-2 +(In rs)-z - M(y In Ts)-l]-l/z} (382)

The similarity between this form and that for the Goody mod:1 is apparent, and indeed distinct,
in light of the fact that Eq. (382) is ithe Goody model for M = 9.
347
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Becr's Law

log A

log (wP)

FIGURE 97. A PLOT OF LOG(A) AGAINST LOG(wP) FOR A
TYPICAL LABORATORY RUN OR ABSORPTION BAND MODEL.
The ordinate scale is greater than the scale of the abscissa

to emphasize the strong-line and Beer's law regions. The
straight portion of the strong-line envelope represents the
"gquace-root approximation," A = consi. (wP)1/2,
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8.1.1 DERIVATIONS OF KNOWN MODELS
In his paper, Zachor (1968a) makes a comparison between the model of Eq. (382) and three
other well-known mo.els (see Section 5, or Goody, 1964): the so-called rendom model, with

randomly distributed lines of equal intensity (Elsassar, 1938); the Elsasser model; and the

Curtis model, with equally spaced lines, but exponentially distributed in intensity (Goody, 1964).

Figure 98 demonstrates the comparisoas of 7 vs 8 for the random model, the Elsasser model

and the Curtis model. The equations approximating these inodels are as tollows:

8.1.1.1 Random Model

-1/2
T*=exp - (—1-2— + 2—’% ' ﬁ%) ‘I (383)
Y @) J

where: M = -0.2759059, by calrulation.

8.1.1.2 Elsasser Model

Peexp {2 (tall /23D - My tt - erpr) 27V 8a)
where: M = -0.2739059, by «. 1parison with the structure for the randoni inodel.

8.1.1.3 Curtis Model

™ =exp{-[v2 +(tn {1 - tanh (22123 (385)

where: M = 0, considering 1h1t the Jine intensity distribution is the sanie as for the Goody model.

8.1.2 GENERALIZATION OF ZACHOR'S FORMULATION

The importance of Za« 1.or's model is not in the agreeable mateh it . njoys with the standard

models of, e.g., Msasser .1 Goody, but in the generalization it pr'ovm- for calculations outside

the limit of the models. Ti. conventior.al model limits are small as i~ ridi.not in the Aggregate

method which must incory,. 1ate a large number of them, modified to s« 2 ¢xtent, to cover the

whole infrared spectral r. . r2, It will be seen subsequently, that the Z i.or method incorporates

four adjustable paramete: -5 opposed to the two parameters in the A, e .iiv method and one in

the LOWTRAN method. 1 & this larger number of adjustable parame. oo nich, one would infer,
gives the Zachor method - flexibility, and naturally, adads to its com,ie .

The generalized Z:. - formulation is derived from a comparison .. luboratory experi-
mental data. In a paper - hich accompanied the publication of the form: .., Zachor (1933b)

reported a table of the | u generalized parameters for the CO2 spectrai segion in 5 cm-1

34¢
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(a) Random Model

FIGURE 98. A COMPARISON OF 7 (SOLID CURVES) AND 7* (DOTS). Values of *he per-
cent error € = 100 (r* - 1)/7 are shown for 8 = 0.7. The absolutely largest ¢ fur several

values of y and for 8 = 10 are given in parentheses. (Reproduced from Zachor, 1938a
[22].)
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(b} Regular Model

FIGURE 38. A COMPARISON OF r (SOLID CURVES) AND 7* (DO’’S). Values of the percent
error € = 10" (r* - 7)/7 are shown for B = 0.7. ‘The absolutely largest ¢ for several values
of y and for 8 = 10 are given in parentheses. (Reproduced from Zuchor, 1968a [22].) (Continued)
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{c) Curtis Model

FIGURE 98. A COMPARISON OF 7 (SOLID CURVES) AND r* (DOTS). Values of the percent
- error € = 100 (r* - 7/7 are showr: for 8 = 0.7. The absclutely largest € for several values
of y and for # = 10 are given in parentheses, (ReproduceG from Zachor, 1968a [22].) (Concluded)
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intervals between 4590 and 5346 cm'l, derived from the experimenial data of Burch, Gryvnak

and Patty [254]. The parametric form of Eq. (332) is more evident when written in terms of

experimental parameters; thus:
= exp {- [(Kw)-2 +(fn rs)-z - M(Kw fn Ts)-l]-l/z} (386)
where K = S/d, the weak-line parameter. The parameters, then, are K, M and fn T the strong-

line function, which itself is representable by two parameters. In fact, following the proposal
of King (1964), the strong-iine function can be written as the following two-parameter function:

Ty = 1- ®P|n, [nF(n)(ZCwP/ﬂ)l/zll/n} (387)
whera the parameters are n and C, and $a, x) is the incompiete Gamma function-
x
-1 -] -
#a, x) = [T(a)] “Jta le~tar : (388)
0

I'(a) is the Gamma function. King's formula, Eq. (387), derived from ar. analysis of the vari-
ance in the structure of different models, gives the correct strong-line equations for the reg-
ular (Elsasser) and random models for n = 1/2 and n = 1, respectively. In fact, the value 1/2,
for equal distribution of line strengths, specifies randomness, wldle the value 1 specifies

regularity. Equation (387) can be written in series form as:

roe1- n(cwp)t/ zi:{ (-D[ari)2CwB/m Y2V Y a0
o

The procedure that Zachor uses to fit experimental data is to plot log (1 - Ts) from Eq. (387)
as a function log (CwP) (which equals yg) for several values of n, and match one of the resulting
curves to the env~'~n of experimental data log (1 - 7) vs. log (wP). Figure 99, reproduced from
the paper by Zuchor (1968z2), « -~ nnstrates a plot of log (1 - Ts) vs. log {¥B). Thus, from the
cur s match the value of n is deduced. Since the proper curve had to be displaced by the amount
log C to effect the match, the & ~.uunt of displacement on the abscissa between the calculated
and experimental curve is wie value of log C, from which the parumeter C is obtel--*

After the parameters n and C are found, the parameters M and K are determined simulta-
neously by a least squares fit of Eq. (381) to experimental data. Rewritten in terms of the pa-
rameters K and M, Eq. (381) becomes:

254. D. E, Burch, D. A. Gryvnak and R. R. Patty, Absorptiun by COp Between 4500 and 5400 .
cm‘l, Report No. U-2955, Philco-Ford Corporation, 1864. )
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FIGURE 99. A PLOT OF THE STRONG-LINE ;I'RANSMISSION FUNCTION
PROPOSED BY KING (1964). (Reproduced from Zachor, 1968a [22].)
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(-n 'r')'2 = (K\.v)'2 +(fn 78)'2 - M(Kwin Ts)-l

=K %2, {£n 'rs)"2 - MK'I(wln 1'8)'1 (390)

and zachor minimizes the rxpression:

2= Z,‘_"wi [(ln 1;)'2- (ln ri)""]z (291)

with respect to K'z and M/K. The weighting function is taken as Wi = (‘n 71)4. Thus, taking

____Ef\_z_ =0 and ———a-é—:T = 0, the following solutions are obtained for experimental data for which
(K ) (MK )
the strong -lire values yield accnrate values of n and C:
k=) /2 (392)
and '
M= -Kal2 (393)

where:  a; =(c,/q;, - €,/65,)/(a;1/2;, - a15/9,))

2y = (e)/ayy = ¢5/0),)/(ay5/ayy - a5/3y,)
;= Z[(ln T‘/wl]z[l -({n r‘/fn Tsi)z]
i
¢y =Z[(€u -r‘)z/w1 tn rs‘] l{:l -{¢fn ri/fn isi)z]
i
4qq = Z[(ln 1‘)/(vi]4
i
9y = Z‘.Eln 71)4/“'?'“ "si]
1
a2 = Z.[““ )Y n 731)2]

and where Tt is :he Jtrong-line transmittance caiculited using experimental data in Eq. (387).
The accuracy of this method is dependent to a large extent on the quantity of data available
in the strong-lire region. Zachor observes parenthetically that, whereas M and K were deter-
mined using a digital computer, the use of a computer to determine n and C for ail posaihle cases
would require an elaborate coaw. The graphical technique can be checked by the success in using
the graphically determined values of n and C. In the 2pm region for which he determined these
parameters, he found that at the parts of the spectrum where the ahsorption was relatively weak,

the arbitrary choice of n = 1,60 gave reliable results. In these cases for *; iich the determination
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of C by the displacement between the data and the computed curve was compromised by a
paucity of data, it was found that cither errors tended to compensate each other, making the final
result only mildly dependent on a very accurate choice of C; or the physical significance of C
was open to question, in the case of the weaker regions of the 2 um C'.)2 bands.

8.1.3 RESULTS USING ZACHOR'S METHOD

Zachor used the data of Burch, Gryvnak and Patty (1964) in the region bounded by the fol-
lowing conditions to obtain model parameters: (1) w/P < 105/'1.5 atm-1 c¢m, (2) Pw > 100 atm
cm, (3) P £ 10 atm; and by the conditions5 <w<100cm, 1 = P s 10 atm. He claims tlat the
results “'should be accurate for all w and P for which Pw > 100 atm c¢m. except perhaps in the
spectral regions of reiatively weak absorption when w and P represent :;.rong-line conditions;
that i3, whan n = 1.00 and the resulting values for v and Ta are approximately equal." The re-
sults are given in Table 49 which is reproduced from Zachor's (1968b) report. and shows the
parametexs used to calculate the transmittance for CO in the region between 459.2 and 5346.0

(1 87 and 2.18 um). The first column, giving the mten al over which the calculation was

made. represents the resolution, which is approxirm:tely 5 cm -1 or less. The other four
columns list the values of n, C, M and K, respectively. A comparison is made (Zachor, 1968b)
between values of transmittance for various values of iiinospheric param~ters calculated from
the mathematical formulation, and the values plotted from the Burch, Gryvnak and Patty dala
for the same conditions. This comparison is shown in Figure 100 in which the solid curve
represents the experimental data and the discrete points the calculated data.

8.2 THE FIVE-PALAMETEER FORMULATION OF GIBSON AND PIERLUISSI

Pierluissi (1973) has correctly pointed out that although there have been innumeiable models
derived for the calculation of atmospheric transmission, their developments can be traced either
directly or indirectly back to (wo origins, the Elsasser (regular) and Geody (random) models.
Except for excursions into the physical structure of molecules and in the absorptive mechanisms,
these modiis should be eminently successful in predicting atmospheric transmittance. One ob-

vious dificiency, however, is that the pattern of absorption by molecules is seldom either per-
fectly regular or random. Hence the need foi' modific tions which account for the erpected de-
paricres. As mentioned above, however, one feels that the ultimate preferable model would be
of a more unified complexion. Zachor has attempted to develop this model on the foundation laid

by King who recognized the apparent interdependence of various models through parameters
which described the physical appearance of their absorption spectra in terms of their regularity,
or their terdency to cluster. %
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TABLE 49. TRANSMITTANCE PARAMETERS FOR
COy BETWEEN 4500.2 AND 5346.0 em~1,* (From
Zachor, 1968 [23].)

Interval cm ™) n C@m 'em™") M Kcm™")

4390:2=659%5+4 1400 04402E~06 =1402 O0+181F~08
4395,4=4600,.3 1,00 0+8%18E~06 =0,94 0s*18€6-0%
480069=430%.0 100 04118F~08 «=1,04 00310F=-0¢
4805,0-6609.7 1600 04234E=09 =1,07 0s407€=08
460907=481400 1400 04350¢-05 «0.98 0.520¢=08

4816 .0-6519,1 100 0+486E=08 =0,90 O0,833E~0%
561901482440 1600 00749E=C3 =0s94 0e742£-05%
6624.0~46208.9 1¢00 Ce901E=07 =0e96 O0e807E=0%
A4828.5-463%.48 1400 OQo788E=CY =0,87 O0s7%6E=09
86336463849 1000 00292E~0%5 «0498 O0e840E=03

8630803 -464304 1400 O00105E=03 =0e97 0+285¢-05
464304~404804 1400 0¢9176-0%9 -0e96 0s828E-08
466844=465240 1400 O00199E~04 =~0e84 00126£-04
465240~455%600 1600 0,208E«N4 «0.90 0412AF=04
465640-4586040 1400 00101E=04 =0e99 00345E=09

A66000=466443 1600 0s134E=05 <=0,93 0,319F=08
8664 41«066902 1600 O0e379FE=06 =1026 00139€-09
866902-667409 1400 00002E~08 =1407 0Osl60E=-09
46743667840 1600 O0¢354E=08 =148 00)2%€=09
406708:0=468148 1e60C 00369€=08 <1401 0el61F=08

*The units riven for C and K are consistent with ths units ¢m S.T.P.
for w and atmospheres for P in equations (388) and (387).
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TABLE 49. TRANSMITTANCE PARAMETERS FOR
COz BETWEEN 4580.2 AND 5346.0 cm~1,* (From
Zachor, 1988 [23].) (Continued)

Interval . cm~ ") n C@am*cm™') M K{m™ Y

£68146-45608502 1400 O0eATIE=Q" =1,12 0¢170E=09
869%02-489042 1400 04634E=~06 =1,00 0+208E-03
4690¢2~469500 1600 0¢977E~06 <«1407 0:292E=05
4695¢0=470040 1400 0¢120£=03 =1all 0e279E=09
470000-47044+0 1400 00122E-0% «1¢12 00287€~08

470440-470801 1400 00102£=05 ~=1017 0¢291E=0%
470801471148 1400 04167E=05 =1,17 0¢326E=0%
4T11e8=4715%4 100 0¢398E=03 =1¢02 O0e347E=03
4718:,4=4719.0 1000 O00769£~0% =1o04 O0s753E=08
4719:0=472245% 1000 O0el49E=04 =0e79 O0s104E~0s

8722692472640 100 O0.188E=0Y =0,83 0s1326-04
472600=473301 1000 00277€=04 =073 0e¢166E=Cs
4731017473640 1600 0+3635=04 =0¢8%6 002)1F=04
47%6:0-4740.9 1000 04057C=04 =0e39 0e226E~04
4740:9=474500 1600 00421E=06 =0¢59 00212E=04

4748,0=475040 1600 0s451E=04 =087 0s206E=04
4730:0-475%.0 1000 O0s128E=03 «0426 0e374E=04
475%40=476000 1400 00172E=03 =0e20 O0e¢%02€~04
8760e0=476%40 1400 04281€~03 020 00672E~048

" 4765%:0-477040 1600 0¢316E=03 «0434 00833E=04

47700=477540 1600 00340£«03 <=0.23 00107€=03
4778¢0=4750.0 1400 0¢585€=-03 0e54 00192£-03
478000=473%.0 100 0e668E-03 0025 00299E~0)
47850479040 1400 0487%5E~0) 0e86 04337€«03
8790¢0=4795.0 1400 O0+789E=-03 0e23 00385E-0)

479540-4800.0 0095 0e906E~03 ~04US Uebt IE=03
4800:0~-480%. 0 0499 O0e767€=03 =0s27 0e324£=03
4808002481040 1000 0e7248-03 Qo34 0,29 £=03
4810+0-4815,C 1400 04109E€=02 0e10 00852 03
481%5.0-4820.0 090 04142E=02 =008 00104E~02

482000=4825%5.0 0¢90 00l18%E~02 0e01 00171E=02
402%.0-4830.0 0¢70 00121E=02 =0s13 0s222€=02
4830,0-48%,6 0e78 Js2%8E~02 0e81 Cu337E=U2
6834:6=40838,1 0660 0.18%€=02 0486 O0eAlTE=02
a83801=428419,1 0e¢%% 0¢169E-02 0s19 00A35€=02

4843:124248.0 0e88 (001595-02 0e13 04381€-02
A848.0=485142 0460 04109E=02 0eN6 00211E-02
485142-485%.2 0e65 0s804E~DY 1032 00984F=03
0855,2~48%9.7 0480 00134E=02 Qe384 04243202
4859¢7=406401 0060 00237E~02 «=0e00 0e435E~02

4064014980, 0065 00281802 =025 04337€=02
406043-4872.4 0080 0e2648=12 0,30 04931E=02
807204487444 0665 00212002 <0.00 04388202
4876044881423 0e70 O0e177E=0Y Qo34 00233€=02
4881034826440 0083 00109E-0% 0e08 Oe073E=03

488600-409044 0e90 0eT24E~13 0e13 Co3808E-03
4890¢4-4894.8 0083 00603~ =0e31 00250E=03
4894.8-4890+%9 0085 Ooedd6E~t ~0020 0423¢E=0)
889049-4904.0 0e95 0ea24E~09 «wOoll 0e245E=t)
4904007490846 0095 Ded34E=03 «0els 00s218E<0)
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TABLE 49. TRANSMITTANCE PARAMETERS FOR
CO; BETWEEN 4590.2 AND 5346.0 cm-1.* (From
Zachor, 1968 {23].) (Continued)

Interval (cm ™ ") n C@am'em™') M Kim™")
4900.6~4912.)3 1400 0e891E=03 =0,36 00233E=0)
4912349180 1400 04107€=02 «0e3% 00269E~0)
4915¢3-491942 1400 00116E~02 «=0013 0029%=03
491902=422440 085 0el22E-02 0e29 OeadlE~0)Y
4924,0-4928.7 1000 0slaagE=02 lelé O0e730E-0)
4920¢7~4939%,42 090 00206-02 0ed® 00118E=-02
4933¢2=4%3746 04865 06213£-02 0e60 002128~-02
A937:/=494240 0e¢70 00288E-02 O0e72 04377€=02
4942.0-4944¢] 070 O0e378E=02 2411 009%9F=02
A94641-49%042 0e70 00%943E-02 0e88 Oe938E=02
A95042=469%442 0e70 OQo786E=02 0e78 Qe13:E~01
495442=49%8.0 0e¢70 0e582E=02 0e80 00173€=01
4988,0-498147 0eb6% 04¢10%E=01 0¢98 04210€=01
49810 T7=496%+4 0e70 0012%€E-0} 1403 00227~01
4965 ¢4~497048 0469 0el118€-01 0e%8 00212¢-01
497069=4975:4 0e70 00123¢=01 O34 0ela2t=01
4978044979446 0.70 0¢872£=02 0e5]1 0e8726~02
A97744-4983,.8 0e70 0e108E=0} 0e23 0e1084E~0]
A983.8-49088.0 0es83 0e187E-01 Osib 0:2%8E-0)
“998¢0=4993.1 0660 0418%0E=01 0600 00308E=01
499%461-4997,.8 0¢60 O0el127E=~01 =0s09 De247E=01
©997.8~3002,9 0e60 0e737€-02 QeU3 Oosla0F=0]
5002¢9=%007.9 0e%0 00244F=02 =0s03 03520€«02
800743=501144 0¢70 0¢917F=«09 1e23 00132202
5011¢4~5019,8 0e78% 04211F=0) 1e84 00282€-03
5018,8-5020.8 0,80 0.118E=03 0,10 0.481£-04
8020,08-9028,5% 1600 041408203 «0,60 0,233E~0s
5025¢5=5030e4 1000 0e123E=03 «=0es6 0s3I4TE=04
5030¢4-50%4¢4 1600 00110E=03 «0s57 0e336E=04
503404=5038.4 1400 0e994E=04 =082 04310804
8038.4=9042.7 00600 0+40T7E-04 =0.393 0e342r-04
$04207=504740 1600 0¢906E=04 =0,12 0s340E~04
804760508142 0480 0413aE=03 0e21 04109203
505142-5095493 0e¢80 00196E=-03 1487 002108-03
505943~5059.3 Ne80 02248E=03 1016 Oea31E~0)
5039025306303 0e860 0.+.10£-09 Oe24 0Oo7182<09
8069¢3=906742 060 00373F=02 0e22 00l123£-02
3067¢2-907101 0e60 0s6032-0y 033 002048=02
85071¢1=507400 0¢60 0s101E-02 0el0 002997202
85074:8-5070.9 Ge35 0,1322-02 0003 0ea23F~02
$070+9-508201) 035 0¢192€~02 Oel9 00%60€=02
508241~=9508%.7 0:85 06237E~02 00280 0s885€-02
800%¢7-209048 0e80 04263£-02 0eVl 0s883E~02
50904890957 095 Oe2aAE=-02 0e086 0e308E-02
5093,:7=5099+8 0e70 0s106E-02 0:99 0s241E=02
5099:6-510402 0e60 O0e379E=02 O0el? 00293¢-02
913442-5108.6 0e60 0,434E-02 0410 0470702
5100:8~%91124¢ 083 005726202 «0e03 0s919f.02
9112+6=511640 Ce60 0eaB6E=02 0603 0¢9CTE=02
511648~5121e7 0e65 04431£-02 0e33 Oualoag=02

359

et e e eemtn At

[wwweeH

R



S

‘i FORMEIALY WILLOW RUN LABORATORITS. THE UNIVERSITY OF MICHIGAM

TABLE 49. TRANSM(TTANCE PARAMETERS FOR
CO2 BETWEEN 4580.2 AND 5346.0 cm~1.* (From
Zachor, 1968 [23].) (Concluded)

Interval cm™") R Camtem ) M K(m™")

5121¢7=51248¢% 078 00298E<02 0027 00350202
512649~5130.8 0460 0e177E=02 0,0 04177€=02
$130.8=5195.1 0e70 001A0E=02 «04,22 00llse=02
5195,1~5199.0 0e80 00120E=02 =0422 04091E=03
$13C.0-9514%¢0 3400 0QelO3E=02 0027 0.723E=03

§143,0-8147.7 16400 0.988¢~03 0007 CotdAE~(3
514747=515246 0¢85 0e342E=03 <«0s06 04235¢=-03
9159246=9519740 0eC0 0e204E=03 «0s04 Co847€=04
51570516240 1020 00124E=03 =0462 043276=06
519200=5148740 1400 0Qe248F=04 =0,93 00129E=04

5147.0-917240 1400 06389E=08 «1423 0.4826-03
817240=3.7740 1600 Oob41E=06 <«1e27 04189€~05
5177094813 1900 0e203E-08 =~1422 O0e109E-03

3239.0=524410 1600 0¢303E=06 =098 00102609
524400-524840 1400 0e102€=03% <3418 Co317E=-0%
824840=5252+0 1400 00402E=06 =038 0¢223E-0%

20000526440 1600 D0063E=06 =~1:49 0+1982=09
4002526840 1000 00573€-08 =142 002232-08
2402527240 1400 06502806 =1402 042162=03
3re 0027609 1400 Qe300%=0¢ =132 04219=03
9276091 2aT 1400 Ue102E=05 =1¢35 Je269E~03

828172928443 1400 042828-03 =1¢10 0Oead7E=03
8208035329047 1000 O00104E=04 «=0e01 O00109E=04
92907=5290409 1000 00342E-03 =1¢07 0+695E-08
5294:9-5298+9 1400 0eB7T5E~03 =045 0+8428-09
52909330248 1600 Nel1GE=04 <0478 Oel0TE«04

830240=530646 1500 Uel80E=04 =051 O0¢191E=04
3306¢6~531140 1000 00409E€=04 =055 0c289Z=04
9911:0-591440 0e90 001978203 =0s37 04100E=D$
9316+0=532C1 1600 00123E=04 =0496 00923E=33
932301-832%02 1000 0s100E=04 =006 O0¢i3CE=04

832642-33290 1000 0e321E~04 =036 00212€=04
8329:0-533400 1600 00398E~01 0022 002268=04
933440=5338.0 1600 O0e0)e2E=04 =080 0e103T=04
59330834240 1400 00139E=08 «1463 04¢243E<08
834200334600 1400 06230E~06 =3442 O0e4335-04
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Ancther attempt,by Gibson and Pleriuissi (1971) to develop the generalized model leaves
the user with an even higher degree of parameterization than does Zach. ; model, which uses
four parameters, n, C, M and K. It seems, then, that given a polynomial with high enough degree,
the ultimate mocdel might be achieved as closely as desired. But obviously there is a practical
limit, and there should be no attempt here to establich how closely one ought to approach that
limit except, perhaps, to remind the reader that every technique is an approximation, and that
the closest approach to reality is the line-by-line calculation.

It is interesting, however, ‘o take Zachor's approach one step further. Gibson and Pierluissi
(1971) have taken this step in a paper in which they adjust the weight of the strong-line param-
eter in (Zachor's) Eq. (381), thereby adding a fifth parameter to the set constructea by Zachor.

Thus, in Eq. (381}, letting:

x= 1/w,y =1/in T and z = -i/fn7* (394)

there results for Zachor's model:

22 = (1/x%x? +y2 - M/K)xy (395)

in which the parameters n and C are implicit in yz. This second-degree polynomial is made
more general hy incorporating an adjustable parameter for the coefficient of the yz term. Thus:

2 . .2 2
z" =B_x +Bsy +Bwsxy : ‘ (396)

where Bw and Bs (weak- and strong-line parameters) are positive and Bi s < Bqu. The reader

is referred to the paper by Gibson and Pierluissi (1971) for the details in the determination of
n C, Bw, B s and Bw " In their paper are listed these parameters for COz for fraquencies from
550 to 9950 cm'l derived from the transmittance tables of Stull, Wyatt and Plass [ 235] and
Wyatt, Stul! and Plass {256], in spectral intervals averaged over 50 cm .

In a later paper Pierluisst (1973) published a partial li‘st of the same parameters for C‘Oz
at 296 K averaged over 5 cm'l intervals, derived in this case from the experimental data of
Burch, Gryvnak and Patty (1964). The partial listing of paréuneters covering the CO2 spectral
region from 4795.0 to 4905.2 cm"1 18 reproduced ir. Table 50. Comparisons are made in
Table 50 between the 5-parameter model by Gibson and Pierluissi and those of Zachor and
Mayer-Goody. Included also are resuits using modified versbm of the Mayer-Goody and
Elsasser models. Figure 101 is a plot of the spectrum calcuf;ated from the S5-parameter model,

compared with the results of experimental data.

255. V. R. Stull, P. J. Wyatt and G. N. Plaes, "The Infrared Transmittance of CO2," Appl.
Opt., Vol. &, No. 2, February 1564, pp. 243-254,

256. P. J. Wyatt, V. R. Stull and G. N. Plass, App. Opt., No. 3, 1964, p. 229,
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SYMBOL Py (ATM)  w(ATM.CM)

AF 10.0100 25.0
w 1.0000 3300
L 0.1001 3320.0
] 0.1500 99400
| 0.3000 99500
[] 1.300 219000
AF 100
,.‘J—.——O:
- 4
; F‘r w0
w jm
z 1 {60
<
- o~ 1
s
"
: - ]
P ° 420
W 0
A y - ] A e
4800 4820 40640 4660 4380 4860

WAVE NUMBER (CM)

FIGURE 101. MEASURED (—) AND CALCULATED (—0-)
TRANSMITTANCE FOR CO2 BAND (Reproduced from
Pierluissi, 1978 [26] .)
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8.3 POLYNOMIAL REPRESENTATION OF SMITH

Smith (1969) introduced a polynomial representation of carbon dioxide and water vapor
transmission starting with the basic concepts of absorption, unembellished by conventional
model techniques. Starting with the basic expression for the Lorentz line, he invoked Goody's
(1964) approximation calling for a pressure-temperature-independent value of @, giving.

a, S

T =exp<{-Y L;i = (397)
v v |(v-u) + a i
n i i

which, upon substituting:

o =a (—B><T£)l/2
Li LOi ,PO T

gives:
T
- wiPy\./_ 0
7, = exp {- 3 (p ) T Z’_“xisi (398)
0 1
where:

-1
) 2, =2
%= Lo, [(" v °’i]

If the assumbption is made that Si and Xl are uncorrelated, true for the random models but also
validated for a regular model for which S‘ = const, then:

\ [
7, =exp - J—(;,g)\/ 28,0, (399)
i

ﬂNV 0 |
where: Bu = ZX‘, and Nv is the number of lines counted at v. Justifying other assumptions on
i
the basis of earlier work [ 257], Smith obtains:

. m
T\ Y\ 7
)5 (7) e o

i

257. K. Ya. Kondratyev and Ya. M. Tamofeev, "The Applicability of Approximation Mathods
for Introducing Inhomogeneities into Calculations of the Transmission Functious of the
Rotational Band of Water Vapor," Atmospheric and Oceanic Physics, Vol. 3, No. 3,
1967, pp. 236-244.
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where: m, is a constant and '§0V is the mean line intensity under standardized conditions. The

result is:
n+m
T, = exp [-ngp'r "] (401)
_ n+m
with: £ =88, u/”PoTo
of w and P as well as T to obtain:

b ¢ dy
T, = €xp [-avw Vp Vr ] (402)

Y. The next step in genéralization is to gener=lize the exponents

waich, in the taking of logarithms, yields:

buc d
-!nry:aw plr?

and taking a second logarithm yields:
. - * -
ln(!nru) tna, +b, fnw+c fnP+d {nT (403)

where, as above, r: is an approximation ‘o the actual (measured) value of T, The difference

between the value of Eq. (493) for 7* and the actual value (using 1'") is:

- * = - -
lu(tnrv) fn(-fn7) +R, (404)

the residual term Ru being extended as far as necessary to make the two values as close 2s de-
sired. Smith's expansion, applied in 5 cm-1 intervals to the 15 pm COz data of Stuil, Wyatt
and Plass (1963) and the rotational H20 data of H. J. Bolle of the Meteorological Institute of
the University of Munich (by personal communication to Smith), yields the expression:

w(av) = Co(Au) + Cl(Au)X + CZ(AV)Y + Cs(Au)Z ...
+ Cn(Au)memZm (405)
where:

w(av) =€n (-fn TAV);

X=1n [WQ?—-;—EI]

Y=‘"(m§ﬁ)

- T
2z "“(273 x)
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Smith has found that a nine-term expansion (Ci =1,2,...., 8)produced the most sigrifi-
cant parameters needed from the residual term to produce reasonable agreement with experi-
mental {or theoretica'ly produced)data. Twotables of data were derived, one for H20 andone for
C02,
cients for the nine terms used inthe expansion are shown in Table 52 for rctational Hzovapor and in

based onthe atmospheric parameters in Table 5] pertinent tothe fitted data. Thelists of coeffi-

Table 53 for 15 um C02. Unfortunately the data of Stull, Wyatt and Plass exhibit certain dis~
crepancies, claimed by Smith, and apparently found also by Young |258!. A comparison f the
calculated and experimental absorptance data, siiown in Figure 102, points out the fact that dis-
crepancies do exist. Similar discrepancies show up in otherwise well-fitting data in comparison

between calculated and experimentaily cotained upwelling radiance, as demonstrated in Figure 103.

Comparison between transmittance spectra for H20 calculated by Bo''e and those calculated by
Smith from the polynomial model is shown in Figure 104, while a con parison with the experi-
mental data of Palmer {259]is given in Table 54.

Calculation of Tav is obtained from:
Tp, = ©Xp [-exp (W) (406)

where

w =i;)CiAi

in which the Ci 's are given in Tables 52 and 53 and {see Eq. 405);

Ag=10:A =X A =Y; Ay =2
A4=XY;A5=XZ;andA6=X2

for both CO2 and H20. Then, for COZ:

A, = XY; and A = x7°

and for H,O:

2

, IS
A,,.—.xzz,andAs-Yz

258. L. G. Young, "Comments on Accurate Formula for Gaseous Transmittance in the
Infrared,” Appl. Opt., Vol. 11, No. 1, 1972, pp. 202-203.

259. C. H. Palmer, "Long Path Water Vapor Spectra With Pressure Broadening, I: 20 «
21.7," J. Opt. Boc. Am., Vol. 47, 1857, p. 1024.
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TABLE 51 PRESSURES, TEMPERATURES AND PATH LENGTHS OF
TABULATED TRANSMITTANCE DATA. (From Smith, 1969 [24].)

Pressure Temperature Path length
02 Ho0 c0o2 Ho0 €0, Ho0
Atm. Atm. K, OK.  Atm, cm. Pprecivitable ¢m.
1.00 1.0 300 3C0 500.0 5.0
0.50 0.5 250 260 200.0 2.0
0.20 0.2 200 220 100.G 1.0
0.10 0-1 - - 50-0 005
0-05 - - - 20.0 002
0002 - - - 10.0 o.l
0.01 - - - 5.0 0.05

-— - - - 2.0 0.02

- - - - 1.0 0.01

- - - 00‘: 0.005

- - - - 002 0-002

- - - 0.0C1
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T#SLE 52. EMPIRICAL ABSORPTION COEF FICIENTS FOR WATER VAFOR.
(From Smith, 1969 {24].)

Frequenc .

Aic:-l) I o G (VN €y a0 | & a0 [epxio fogxc efﬁir
202.5 |[6.1218| .91L2] .9011(-.L375) .Lysé] o 2814 o ¢ 0.3
2C7.S |6.1750{1.0287] 9764} © +SLoy} .0989]) .2LLO 0 ¢ |o0.6
212.5 }5.609L| .9578] .9160] © .5039 |-.08L11 22661 O 0o |o.s
217.5 [L.8955) .9860 .9591l 0 L0720 0 .1177] o 0o }o.8
222.5 }5.3723] 8113 .825732.2625| .32510-.2771 .1391|-.1LLS 0 | o.5
227.5 1L.8715] .68L81{ .€5201 © 22161 L0097 | .0552 |-.G131} 1.09501 0.3
232.5 |3.8296] .6L92} .6619] O 1255 |-.2L76| L0096 o0 | 6.9852] 0.7
237.5 1Lk.0639| .96L8{ .98L7) © .16809] © 0 .2738 0 | 0.6
2h2.5 |3.8635] .8289[ .77L0] O .3037} © .15L2 1 .1957) 5.033L| 0.9
2L7.5 |5.L739) .7970] .7154)2.1261 ] .23L9 | .L997 | .11 09§ 3768 0 |o.k
252.5 15.567L 1.0058 | .9283] © L5286 1-,06111 .3032 0 0 | o0.6
257.5 ]3.5271] .5908{ .6273] © -.1128 |-,1L07 J-.1135 0 0 0.8
262.5 [L.2338 [1.0235[2.0361] .5353 4 .5L18 |-.0352} 0699 0 G | 0.7
267.5 13.0032] .6309] .616L§ JL302] .2136)-.1506] 0892 o 0 1.0
272.5 ]3.906L| 8762 8960 .37G3 | .2857{-.26161 © ¢ 11.771} 0.7
277.5 [L.0603] 1581 .5u23) © L .0L30{-.2124 |-.1271 }-.183L 0o | 0.7
282.5 |3.9600] 6008 | .562501.372L [ 11391 L0731} L0522} © o |o.5
287.5 L.5387| .9895| 8969} 9LOS | 66861 © .30521 o 0 1} 0.7
292.5 |[3.4617] .8052| ,7685]1.070L1 | 2127 O .1061 0 0 0.9
297.5 |3.7L95] .86251 .8675]1.1067 | L3729 |-.1L72] 10561 © o }o.7
302.5 {L.LL69| .722L] .69121.3678] .3165] © 1193 o o |o.s
307.5 |3.8072) .871L] .7022|1.L930] 3570 © 0 0 o |07
312.5° |3.L957} 97071 .89LOJ1.61LY9 ) LT.L5) © .285k |-.1295 0 | 0.6
327.5 13.5555 1.0590 1 .969L}11.3177 | v0LB Y L0567 L3522 0 o | o.8
322.8 |3.L92L| 7124 6683|1.006L]) .39051 C .1392 2 o | 0.5
327.5 (L. 1225) .7887( .7L97§1.8533] .3729% .0722] .1516] © 0 | 0.7
332.5 |3.6888| .9L5S| .B726]1.L606] .S09L; © .2220 |-.2487 o }o.8
337.5 ]3.5936]| .9852] .8872]1.0675| .73931 © .33481-.158¢5 o | 0.5
3L2.5 ]3.1583] .7363] .708313.6559 | .338Lf .03L6) L1185 © 0o | 0.6
3u7.5 [3.20u2]| .8207) .764Bi.SE9L])] L5751 © Jssol o o | 0.6
352.5 |L.72271] .85%0] .7921]2.5143] .Las3] o© 21961 |-.1034 0 0.7
357.5 |[3.1130] 57681 .5826|1.6107) © ,0556 1-.0328 o] o | o0.7
362.5 |2.5079] .s2L2| .9058{1.6898! .soL9} © 0 .2292 0 | o.8
3615 |2.200L ) .B052] .7L17l1.36k9 | L5237 © 96k 0 o |13
372.5 |2.9026| .73k2| .6751{2.7771] 2578 © L1517 © 0o ] o.8
377.5 |2.3168] .5871| .5786[1.7172| .2019}-.13L3| 0600 © o | 1.2
382.5 )2.2132] .7155] .6L67J1.6BLO| LLATL] O AL97] o 0o §1.1
387.5 Jl.97L2] .7330] .6939]1.1260] 3055 .2008] L1552} .0321|-6.3L70] 1.6
392,5 |2.1226] .7255] .687912.1168( .3257|-.109.] JAL7B] © o | 0.9
397.5 }3.5291] .6982] .667812.L0571 (2918 .oLé2) .0977] © o | 0.7
Lo2.5 11.8393] 7860} .7293|2.26301 .£324] .1LSO) .2125| L7LS o] 1.4
L07.5 |1.4888) .9L28] .9105}2.0L58 ) .65L9{-.1LhS] .C218 0 0 1.0
132,5 11,5987} .9750] .9L29|1.L218] .6512-.1L39]| .020L]| © 0o {1.1
k7.5 1]2,16671 .LBS6| LLS27{1.1k927 ,31371-.089L} .oLL1] © 0 | 2.0
L22.5 '12.56731 .6986| .6758}2.7325} .1866] .1562] .0325| .33L2 o | 0.7
L27.5 |[1.6873] .7293] .6967]1.285L] .5759] o© 0607} L33 o {13
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TABLE 52. EMPIRICAL ABSORPTION COEFFICIENTS FOR WATER VAPOR.

(From Smith, 1869 [24].) (Continued)

Frequency R ! l RKS
(cn=1) Co Ca c, ¢; |epx0 G |Cex10 Egqxd0 |cgxa0 |0
L32.5 [1.6176| 7252 | .695211.3610] 5026 © .0711| © o} 1.6
L37.5 11,6237 7975 | J7uT112. 0056 JL392]-.308E) L1379 ) O 0 0.6
Lh2.5 |1.96321 6293 |.6136]1.2863] .3189] o 05581 0 0 0.9
Lu7.5 §31.4718( .7564 {.7010(2.8388| .6191}-.299¢| .o5LL | .2790] 5.2110] 1.1
k82,5 |1.7591} 7715 | .7263]2.7152] .5552}-,1637] 0638 | .1725] 3.0805) 0.7
Lsr.5 J2.2759] 6790 | .6232]1.6932) 3735} L0797 .2130L | O 0 0.8
k62,5 [1.3L13] .8111 f.7501(2.3745 ] .533L]-.3210] .0833 {.2130| 6.8252} 0.7
U61.5 J1.L0351 ,7618 | .6937)2.4610) 6784]-.35L5] .o1ck | .3859] 2.6C21] 0.9
72,5 11.9396{ 6500 | .605911.L577) .3822] 02320 1124 ) O 0 1.2
L77.5 +9939{ .86L6 | .8111[1.868L] 5137 ]-.3699] .1051 | (5305{16.0593] G.9
L82.5 [1.LL95] 6708 [.6215]1.199L1) .3321] 0669) 0691 ] o 0 0.7
L87.5 1.0059( 8310 |.7510{1.9138| .60L5 |-.3055} .0L69 | .5665 11,7211 ] 2.1
h92.5 |1.1967) .6830 }.6690)2.2477) .573L}-.10L7) .0257 | .2690 0 1.h
Lor.s 4625 |1.0025 {.9270(1.9155 ] .5779{-.0633] ¢ 0 0 0.7
502.5 |1.7019§ .7317 |.6852|3.u872] LLS2} O Jd®1l i} O .3921} 0.8
507.5 |31.35001 7110 |.6813}2.031L; .L018] o 015§ © 0 0.8
512.5 [1.01bh| .758L {.689713.6L19] .7208 }~. k356 |~.11L5 {.3k52] L.3500] 1.2
£17.5 ]1.99391{ .6Lok |.6237]3.L130} .5857] © 0 ) -.96151 0.9
522.5 «9659 | 8832 | .8170(3.L262 ) .5265) 0 ]|-.1085 ) O 0 0.9
527.5 9526 | 6237 |.5793]2.L00B | .2hz2] O 0692 1 0 (] 0.8
532.5 ] .1357| .8832 |.7762}2.7012] 4390 }-.5505]-.0961 1 0 [|17.4780] 0.8
637.5 | 6216} .7386 | .66L5[2.0522] 6975) ©O 0 0 0 1.2
542.5 +5969 | 8LAY 1.73L713.7532) J6LTT]| © o} o 0 0.9
k7.5 11.4393] 6638 .632612.6L33] .5921] © 0 0 0 1.5
552.5 6297} 7306 1.6532(2.1938 ] .6557| © (o} Jdash] o 1.3
55745 <0977 § «BLCY [.7290)2.3145 ] 45235 §-.3976]-.1518 ] 0 [J13.2521] 0.8
562.5 #3252 47953 |.690711.3819 { .7604| © o o] 4} 1.1
£67.5 (1.067u| .63L8 | .6022(1.3758 | L3871 ©O o} 26791 O 1.1
572.% U668 | LE550 |.75233.210% | 5747 }-.5758] © 0 Jeo.k5001} 0.9
577.5 «7381] 7251 |.68612.5853 | 4528 © 21002 § O 0 0.8
S82.5 | .8L3L] .6h20 f.5703[2.7075] .5805] © 0 H3TLY 0 1.9
587.5 .00301 .9233 '.8748]3.1066; 0 |-.1839]|-.0702 } O - 0 0.7
§92.5 {1.11641 6576 | .E£h91f2.Lko2 | 6297 .1755] 0241 {.5018-L.5706 ] 2.0
597.5 42365 1 47363 .7°7L 12,8881} © -.2370]-.2633 | © V] 1.2
602.5 W1767 | 6831 |.6L2L]2.8055 | 6562 (-.172CF © 58761 ¢ 1.3
607.5 [-.6216] 9947 }.8933]2.070h] 3317 |-.aLk0] © 0 0 0.5
612.5 |[-.0u05] 8616 |.7102011.L92L 8775 © 0 0 1] 0.9
617.5 «3722] 6929 }.6368]1.8036] 6C57) ©O 0 #2005} 0 1.1
622.5 «1257 | «76L6 {47079 12,9373 ] £92% ]-.5088 [-.1067 |.2LU1 20,1896 1.1
627.5 20336 6296 | .5867]2.01Lk | 5006 N 0 .5117] 2.8L12 ] 1.5
632.5 011L | 7898 |.7005]3.0840 87°94.5355( O 0 2.66181 0.9
637.5 6751 6999 | .628412.5580) 6208, o 0 62431 ~,5255] 1.2
6L2.5 W€58 | J7703 [.6617 13,1227} 808 9 o} H6551 0 1.3
652.5  |-.6L15| 8613 |.7676]1.569171.0389 |-.5763] © 0 j12.1192§ 14
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TABLE 52. EMPIRICAL ABSORPTION COEFTICJENTS FOR WATER VAPOR.
(From Smith, 1969 [24).) (Coi.cluded)

&

1
B\_]i;cy ¢ ¢y G ) ¢ x10 CS C6x10 C7x10 | Cgx10

657.5 | -.1863) .5866] .5879] .9099| .7812]-.2€25}-.19L6] 2767} 3.2135
662.5 | -.3255] .868L| J7576{1.3227] 7789 © 0 3708 O
667.5 | -.1770) 7475 | L6676 .9509] .7L56] O 0 0 0
672.5 | -.29u6] .7933| .6LBy|2.0613} .9300]-.L035!-,1658] © 2.3320
677.5 | ~.6008" 8069 ,7206§1.2687] 920L]-.7858]-.1060{ O 0
662.5 [-1.2156 11.0LL2 | .9708] .2732] .2229[-.0867] .1363] o 0
687.5 .03y .7086] .603L11.8627] .56L7] © o} .8283( 9.L146
0

arror

* o s s s

OOOHHHH!—'HOHHHHN
PN N EENV~NHONOO

692.5 | -.2L31| 6964} 6LLL]2.1392] .8160]-.L795]-.1772 6.5367

697.5 .0802) .69681 .6318|2,7108] .8782]-.2/9L]-.1659] .3327] O .
702.5 | -.5850] 8702} .7589]2.3139| .8B826}-.59LL] © 0 18.8005} 1.
707.5 | -.0010] .6293) .5967{1.3822) .7L26]-.2653]-.197L] .1L68] © .

712.5 | -.5983] 7250} .0020]1.8982] .7L91]-.6156]-.2065] © 19.1300
717.5 [-1.2LL3] 9860 .853L] .6712] .3676]-.1938] O 0 0
72205 "'102809 c9800 .8618 1-0699 -6606 "-Jm 0 0 0
727.5 | -.9228} 7659 | .6L62| .7983] .6223]-.5687]-.1932(-,3856]15.2976

732.5 | -.8131[ .7871] .6877 1.1119} .9877(-.L306]-.1k90]-.5300] © 0.9
737.5 1.L145(1.0079 1.0109] © 0 0 0 0 0 c.3
7h2.5 | -.2006] .7076] .6073)3.2232] .B2L)]-.5k02]-.292)] o o] 1.2
7L7.5 §-.8597] 8564 | +7451[1.1223 j1.0L00|-.2107}-.0685] © o] 0.7
752.5 | -.6852} .727L ] .6021]2.0L20) .7252(-.8C34]-.23991-.6718]13.6298] 1.0
757.5 [F1.2L50] 9611} .8279(1.7905 | .5220]-.6282]-.0120)-.7092) 9.8989] 0.9
762.5 }1.55611.0101 | .R159| © 6095 -.0926| © 0 |ik.osu2| 0.4
767.5 F1.2170] .9208 | .71LL] .610L] .5037)-.1291]-.057L] o© 0 0.6
772.5 F1.3uhaf 9220 .798201.18L1| .70381-.6788 }-.0L29 |-.5950(10.3903} 0.5
777.5 | -.6800] .7769 | .5818]2.25u6| 7059 {-.L301]-.2203| O [eL.226L] 0.9
782.5 }1.0037| .7783 | .6L93} .9905| .9023}-.5305]-.1597 |-.2272]12.1L59 | 0.7
787.5 F1.5633{1.0068 | .9896] o 0 0 0 0 (o} 0.3
792.5 F1.2125) .8780 ¢ .727L[1.7213 ] .6813(-.7937]-.0675}-.5651]18.8107] 0.7
797.5 | -.2592| 46565 | 566002.27L3 .6738]-.3331]-.2699] © l 0 1.2

A
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TABLE 53. EMPIRICAL ABSORPTION COEFFICIENTS FOR CARBON DIOXIDE.

FORMERLY WILLOW RUN LAJSORATORIES THE UNIVERSITY OF MICHIGAN

(From Smith, 1969 {24].)

Frequency : RS
{cm-1) Q C1 cz |16 cx10 | ¢ {csx10 | c7x10] cax10
507.5 |12.556311,25191 © 0 1.7329 | © 0o DB.9227{ .k650]0.2
512.5 |+9.06L8| © 0 0 2.3531 F L4108 [1.2205 B.LB6O] © 0.2
517.5 |-%9.16211 © 0 [3.02L7 |4.3506] 0  [1.3L28 {3.6523} © 0.3
622.5 | =7.5255{-.505L }-.2076 13,1339 | O 0 1.8291 p.8728] O 0.3
527.5 |-7.68368] © 0 0 0 L7787 |1.1912 p.21674 O 0.k
$32,5 F.L7L1[1.337L §.1006(3.5957 1 O 0 0 ph.9s3L) O 0.4
537.5 |-7.96L7] © 0 I3.5359] O 0 [J1.2L09 R.3978] © 0.5
542,5 |-8.7190] 7699 ) O .| .uL72 | ~.L630 [2.7900 L4769 1.9071]3.3903 | 0.6
sk7.5 |-9.,182L1.1398 | ©O 1.7502 0 2.32091 O 0.,0606}2.8910 | 0.6
552,65 |10.2269 1.26LL] O  |u.B8S60] © 0 0 .91 o 0.8
557.5 {-8.1479| .510L{ O 0 o [2.1621] .7902 1.ulk11}2,0992 | 1.2
562.5 |-8.,2175] .7508] o [s.oma9| o  J-.5037] L5557 [1.5520] © 1.6
867.5 }~8.0988 J1.125L }-.0707{7.8956 | .ué21| O 0 L6L07]-.5619 | 1.1
572.5 |-6.9298) .891L} o0 [6.6812] O L8] 2279 [1.201511,1620 | 0.9
577.5 |-6.2296] 98751 0  6.9821| .3299] € 0 .6158]-.666510.6
582.5 |-5.6500 {1.0686 | .0281]6.2319 | .3985| © ~1791| +S2Lk|-.619L | 0.6
587.5 |-14.8285| 9965 | 0969 [5.1h55 | <6L22 [-.C355|-.2150| O -.715710.7
592.5 |-k.0110| .9665 | L1516 |L.2198 ] .62L3}-.0579]-.2806-.1882 -.3566 0.7
59705 '30&122 .9520 -161}9 h03297 lSSb? ‘-3231 "-2286 -.1_121 .2233 0.8
602.5 |-3.2L84 | .8980 | .2L63(3.0533 | .72L1[-.2081)-.2L58 -.L735 L2096} 0.8
607.5 |-3.26111 ,8686 | .26L5{2.5396 | .6L00|-.2L55}~.1883 |-.3600 ks | 0.8
612.5 |-3.3509 | .9L95 | .2150 {27733 .7u70[-.183L1-.239L - .3601| L1682 0.6
611.5 |-1.5126] .8122 | L2701 [2.7253 | .6160|-.3035|~.LL78]-.7887 .17 I | L.k
522.5 |-1.9530| .8L63 | .2533[2.83k2 | .6691|-.2870)-.32L3]-.5338; 1959 | 1.C
62705 "2.1361& 09037 -26!48 2.5698 18027 ‘-2002 '.3121 -.6357 01305 307
63205 ‘1-5385 08;461 03189 2-1161 07001 "olh32 -;2&76 "055014 .10’:‘9 \)07
637.5 |-1.0136] .7563 | 3827 |1.LL26 | .L969]-.0675;~.1575]-.3LB9 L05he | n.4
6u2.5 | -.9986| J696L | JL13L{r.0127] .3207] ©  |-.1025)-.1676 -.0L3k] 0.3
6u7.5 | -.0136] .7252 | .LoS3| .6Lak| .3872] .0339]-.1753}-.3050]-.C781 0.5
652, 0036 | 6937 .Lso1| L0877 | .3590| .0280l-.0761]-.1966}-.07L5 0.6
657.5 - dU0] 6918 | JL522|-.2064] 366k © 0 {-.0950| o0 0.6
6°2.S 02529 .61375 -llzlé ’-361‘," 023h8 ‘0506 ‘.051‘2 [+] “006115 0-6
Te 1.3638 | 5246 | JL3Lo] 0297 .0662)-.0373] ~.0503]-.0057] L0695 | 0.9
672.5 .3700| 52341 39700 .1252] .2322|-.0775] .1301] L1827 O 1.4
677.5 06931 6726 ] .L9ss|-.1532] .3386] .ocLLl .0078)-.1k29f-.0238 ) 0.7
682.5 0160 .6533| .1873| .ooLB| .2865| .0179 .0028]-.1025|-.0338 0.5
6817.5 -.2339 ] 6633 76k 5516 .2986] .023 .0071f-.0737}-.0520 0.5
692.5 | -.5269} 6672 .Ls86]1.02L1) L3113 ©O |-.0153f-.1029] O 0.5
697.5 -.9326| .69u3 ! L371{1.566L ) .37L1|-.0094 -.063k| -.2023} -.0233 | 0.7
7'.)205 '1-13106 07520 tjalb 2.2672 ~h9ho -.08h9 '.1173 '031011 00301 0-7
707.5 |-1.9623| .8219 | .3270{2.8036] .6731}-.2118 -.1952} -.L8BY L1569 | 0.9
712.5 |-2.5u60| .8790! .2863[2.9180] .7776|-.2568) -.212L] - SLLS 28211 0.9
717.5 |-1.¢850) .80L3] .2803}2.9613] .6098|-.263§ -.3L15 -.5813 .1779} 1.0
722.5 |-1.u270] 7981 .3052|2.L273] .5335]-.3081 -.LL72| -.8054 .2170 1.5
727.5 1|-3.3026] .8857 | .2735]2.L157] .71k2] -.2082 -.1824 -.3399 .1325} 0.8
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TABLE 53. EMPIRICAL ABSORPTION COEFFICIENTS FOR CARBON DIOXIDE.
(From Smith, 1969 [24].) (Concluded)

Frequency 2 RMS
(1) Co Gy C2 C3 Cx10 Cg  jC6x10 G510 |Cgx10 jerror
732.5 |-2.9767| .8L2kL| .2938| 2.4131] .69111-.197L[~.1977]-.2136L] .2716] 0.2
737.5 [-3.0163] .87L1| .2597| 3.1387| .6681|-.1210(-.2305]-.k251] .121L)] 1.9
742.5 {-3.1692] .9078| .2253] 3.928L| .6231]-.1710¢-.2581{-.35M1] O 0.7
747.5  1-L.0990] 9514 .1827] L.3132] .8807]-.2173}-.2716]-.L737] © 0.7
752.5 |‘h.6736 .5831] .1180] 5.3603] .6576]-.0190]-.223¢] o |-.L328{ 0.7
757.5 +-5.7219| .9980| .OLBL} 7.2L90] .3511| O -.087L] .60.46]-.6890] 0.6
762.5 ]-6.611h| 9978 © 8.0u78| .k330} o 0 «56371-.7565] 0.7
767.5 |-7.b221]1.0581] © 9.1331) L5861 o 0 .LB69}-.8853] 0.8
772.5 |-7.8763| .8391|-.0351] 6.5719] .1215| .6383] .L162}2.253941.1983] 1.5
777.5 |-8.3537] .86921(-.0L11] 7.3879] O 0 .3827]1.L92L}-.519L} 1.2
782.5 |}-9.011L) .9830}-.0311] 2.0357] .122L[1.8100] .2775{1.L13832.2558| 0.8
787.5 [-7.LLLS] .9695| © L.9L93] L2164 {1.0906] © .5776812.8784} 0.3
792.5 [-7.1057] .9791| O 6.08771 © 61971 O 97L781.42L91Y 0.5
797.5 |-7.1605{ .533L] .2257120.4273] O }6.8167f .1921] O Bp.Lioz2| 1.1
802.5 1-8.8450|1.0065 |-.LLSL] 3.2588]{1.57L1]-.8311) .0973]-.0534] © 0.4
807.5 |-7.7652] .5169] ©O 0 0 2,5100] .595611.16LLER.B153] 0.3
812.5 |[-8.3196| .60L9] © -.80621-.30L8 [3.0995] .5332[1.666613.1150] ¢.3
817.5 |[-9.L568{1.030L]| O 6.3498] © 0 0 1.016L] o 0.2
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TABLE 54. COMPARISON OF EXPERIMENTAL AND XMPIRICAL TRANSMITTANCES. (From
Smith, 1969 [24].)

Spectral Transmittance
interval H20 Pressure
(cm-1) Exp. | Enp.
G/cm? Atn.
200 -~ 250 0.0030 0.0273 0.781 0.803
200 - 250 0.0140 0.2690 0.213 0.215
200 - 250 0.0350 0.2760 0.075 0.103
250 - 300 0.2071 0.2530 0.477 o0.521
250 - 300 0.0270 0.2690 0.217 0.261
250 - 300 0.1320 0.3270 0.003 0,022
290 - 340 0.0071 0.2530 _ 0.608 0.635
290 - 3L0 0.0270 0.2690 0.33%9 0.373
290 - 340 0.1320 0.3270 0.024 0.050
320 - 370 0.0041 0.0300 ‘ 0.872 0.886
220 - 370 0.0077 0.2670 0.590 0.612
320 - 370 0.0330 0.2750 0.323 0.352
320 - 370 0.13L0 0.3170 0.075 0,110
360 - 410 0.0041 0.0300 0.928 0.936
350 - L10 0.0077 0.2670 0.769 0.782
360 - L10 0.0330 0.2750 0.576 0.576
360 - 10 0.13%0 0.3170 0.255 0.320
K10 -~ L50 0.00L1 o.o3oo 0.939  0.947
Lo - Lbo _ c.13k0 o.317o 0.361 0.405
L50 - 500 0.0077 0.2670 0.903 0.899
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{c) Equivalent pressure - 15.6 mm Hg; Optical mass - 6.3 atm cm

FIGURE i02. COLPARISON BETWEEN EXPER-
IMENTAL (BURCH ET AL.) AND CALCULATED
(DRAYSON AND YOUNG) TRANSMITTANCE
SPECTRA FOR CO2 AND TRANSMITTANCE SPEC-
TRA DERIVED FROM THE EMPIRICAL TRANS-
MITTANCE CCZYFICIENTS GIVEN IN TABLE 53.
{Reproduced from Smith, 1869 [24].)
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FIGURE 104. COMPARISON BETWEFN TRANSMITTANCE SPECTRA FOR Hy0

CALCULATED BY BOLLE AND TRANSMITTANCE SPECTRA CALCULATED

FROM THE EMPIRICAL TRANSMITTANCE COEFFICIENTS GIVEN IN TABLE 52.
{Reproduced from Smith, 1939 [ 24].)
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Itis interesting'to compare qualitatively the models given by Smith and for LOWTRAN 2,
Prior to the logarithmic extracticr of Eq. (4C2), the comparisons would show for a given center
frequency, v:

Smith: T = exp [-awbpc'l‘d ] which, for T = const,
becomes 7 = €Xp [-awch] ; and
LOWTRAN: r = f[CwP"].

The simijlarities are striking, although actually the comparison is not complete, because Smith
takes the next step and produces a polynomial to which he adds a residual term to account for
differences between the model and the real world. In this case, it would be more appropriate

toc compare his model with the (less parameter-studded) models of Zachor and Gibson and
Pierluissi, although a direct comparison is not possible without the resources needed to compile
band-model parameters for each model in common spectral regions, especially where the model
is put to the severest test. '
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9

LABORATORY MEASUREMENTS, FIELD MEASUREMENTS AND THE
RESULTS OF CALCULATION FOR ABSORPFTION

9.1 LABORATORY MEASUREMENTS

In the original state-ol-the-art report (Anding, 1967) on atmnspheric transmittance,a
group of laboratory measurements were cited ior the purpose of referring the user to original
laboratory data which could be used for developing band-model parameters. It would be
intpossible, or at least impractical, to attempt to cite the innumerable measurenients that
were made up to the time of Anding's report (1967), or have been made since then. For this
report, laboratory measurements are regarded as providing: (1) experimental data on line
and band parameters which ccn be used in a compilaﬁon of line-parameter data; and (2) a
variety of experimental conditions under which measurements are made, to produce a reliable
data base for empirically fitting data to band-model functions and ultimately determining
the reliability of band-model parameters.

The reference list of investigations cited in the Bibliography, and used for the compilation
of line parameters, represents an excellent croas-section of important laboratory data. As
appropriately indicated by Anding (1967), the range of values of experimental parameters
should be commensurate with the range expected in actual calculations. Table 55, reproduced
from Anding (1967) indicates the values used in some laboratory data on which he compiled
information. Selby (1974a) has summarized another significant number of measurements in
a table which is reproduced here in Table 56. These are cited by Selby as the important
laboratory transmittance measurements which have been vsed as a basis for the majority of
atmospheric transmittance prediction schemes. As would be expected, there is a slight over-
lap in Tables 55 and 56, with the first leaning toward earlier measurements and the second
leaning toward later mcasurements. Neither is coiaplete, and the reader should consult the
literature for a fuller representation of laboratory measuremsauts.

Missing from both tables is & 2et of data accuriulated »y Goldman, Bonomo, Williams and
Murcray [ 274) and Goldman, Kyle ard Bonomo (1971) on HNO,. The first reference gives a
set of data on the 21.8 um bands at 7 cm'l resolution on pure HN03 vapor at 40°C. ‘The cell
length ranged trom 0.5 to .94 ¢cm. Pressures varied from a few mm Hg to near saturation,
The second reference gives data on the 5.9, 7.5 and 11.3 um bands of pure HNOS at a resolu-
tion of approximately 0.5 cm'l. The cell length was 9.94 cm and the pressure was 4.6 mm Hg.
In this refzrence, tables of band-model parameters are also reported.

274. A. Goldmar, Borcmo, Willlams and Murcray, Private communication, 1974,
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TABLE 56, SUMMARY OF LABOPATORY TRANSMITTANCE MEASUREMENTS, (Frorm Selby, 1974 [ 252].)

Originator

Howard, et al.,
(1955)

Kostkowski
(1955)

Edwards (1930)

Burch, et al,,
(1862)

Burch, Gryvnak,
and Patty (1964-
68)

Howard, et al.,
(1955)

Daw (1958)
Bell (1958)

Yaroslavskii
(1959)

Izatt (1060)
Palmer (1980)

Burch, et al.,
(1962)

Burch, Gryvnak
and Patty (1965-
73)

Burch, et al,,
(1833)

Burch, et al.,
(1971)

Burch, et al,,
(1963)

Burch, et al,,
{1962)

Summerfield
(1941}

Gutowsky and
Peturaon (1950)

Wilson and
Ogg (1950)

Walshaw (1957)

MeCaa and
Shaw (19€8)

Burch (1970)

Ret.
(200]

1281]

[262]

[334]

[x3]

[240]

[284)
[285)

[286]

[207)
[268)

(234}

[289]
[234)

[370]
[234)
[234]
()
[373)
[278]
[133)
[134)

{189]

Path Pressure
Wavelength  Resolution Absorber Lergth Partial Total
Absorber  microns em” Concentrotion m mm Hg mm Hg
COz 1.4,1.6,2.0, 350-200 1-1C00 atm ¢m 88-1400 1-50 1-740
2.7,4.3, 5.2,
15
CO; 0.4,10.4, 2-5 3-320 atm cm 3.28 7-740 370-740
12.8+4
00, 1.4,16,2.7, 20-2%0 0.5-1225 atwy 0.388,1.29 38-760 380-7600
4.3,4.8,5.2, cm
9.4,10.4,1%
0Oy 2.7, 43,10, -5 0.01-11,200 0.0155-32 0.26-2920  0.76-3300
15 atm cm
COy 1-1.4,16,2, 03-2.5 0.08-8.4x104 4-933 0.005-1920 0.005-
2.7,4.3 aMm cm 11,000
H O 094,11, ~100 0.001-3.8 pr 88-1938 2-28 2-7140
1.58,1.87 cm
H0  4.2-23
HyO  22-200 2.5 4x10°5 . & 0.125-9.06  3.8-10 760
10" .
Hz0  20-2500 15-3 0.007-0.0079 7.5 10 160
pr cm
H0  14.5-21.05
HO  20-40 3-8 0.0341-0,143 196 0.015-0.7  0.015-61
prcm
HO 1.87,2.7, 8-20 0.0017-0.109 0.0155- 2.8-22.5 2.8.775
6.3 prem 48,75
H0  0.69-1.98, 0.4-1.7%  0.0017-3.1 4-933 4.16- (467  134-7530
2.7, 4.4- prem
6.3
N,O  3.9,4.06,4.5, 8-20 1.610°4 - 0.0155-14 0.09-76C 1-3035%
1.8,8.6,'1.8, 359 atm em
14.5, 17
NO  1.5-0.5,4.2- 0.2-2.2 0.04-805 atm 0.091-900 n.07- 47-10,000
13.2 em 10,000
[n0] 4.7,2.35 15-20 9.6x10°4 - 0.0155- 3-3000 3-3000
1140 atm cm 48.75
cH 3.3,6.45, 10-2% 0.015-188 0.0035-16 1.52-100 3-3000
1.7 atm cm
Oy 9.6 ~23 0.02-0.5 atm 0.90 0.1%-4.2 6-760
cm
0, 4520498 ~10 3.7 atm cm 0-1,0.4 100-200 100-760
0’ 8.6 ~10 0.27 am cm 0.04 50-780 50-'80
Oy 9.6 6.5 0.03-1.5 atm 0.065,0.35 0.3-33 10-760
cm
Oy 3-1% 5-40 0.009-36.7 0.4, 82 0.002-800  13-1600
atm cm
H,0 8.5-12 S.48xi022 1185 14.2 .2
cont. wol/cin?
(T=296K)
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260.
261.

262.
263.

264.
265.

286.
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References to Tables 55 and 56

L. A. Abels, A Study of Total Absorption near 4.5 by Two Samples of N20, As Their
Total Pressure and N2O Concentrations were Independently Varied, Scientific Report
No. 3, AFCRL-62-236, Ohio State University, Coiumbus, January 1562.

Ii. J. Kostkowski, Half Widtha and Intensities from the Infrared Transmission of

Thermally Excited COq9, Progress Report, Office of Naval Research Contract 248(01),
Johns Hopkins University, Baltimore, Md., October 1955,

D. K. E .wards, et al., J. Opt. Soc. Am., Vol. 50, 1869, pp. 130, 617.

D. E. Burch, D. A. Gryvnak and R. R. Patty, Absorption by CC, Between 4300 and 5400
em~! (2 y1a Region), Aeronutronic Report U-2855, (1964): 6600 and 7125 cm~! *1.4 um
Region), Aeronutronic iieport U-3127 (1965); 80600 and 10,000 ¢cm=1 (1 to 1.25 ym Re-
gion), Aeronutronic Report U-3200 (1965); 5400 and 6600 em=1 (1.6 um Region), Aero-
nutronic Report U-3201 (1865); 1800 and 2850 cm=! (5.5 « 5.6 um Region), Aeronutronie
Report U-3857 (1966); 7125 and 8000 cm=} (1.25 to 1.4 ym Reglon}, Aeronutronic Re-
port U-3930 (1267); 3100 anc 4100 cm=! (2.44 to 3.22 um Region), Aeromuitronic Report
U~4132 (1968); Philcn=-Ford Corporation.

H. A. Daw, Tranamissicn of Radiation through Water Vapor Subject to Pressure
Broadening in the Region 4.2 Microns to 23 Microns, Tectaical Report No, 19,
University of Utah, Salt Lake City, 1956,

E. E. Bell, Infrared Technicues and Measurements (Interim Engineer.nr Report for
Period July-September 1956 on Tontract AF 33/616)-3312), Obio State U .zersity,
Columbus, 1956. ’

N. G. Yaroslavskil and A. E. Stanevish, Opt. Spect., Vol. 7, 1959, p. 380, ! =3 Optika

" Spektrosk., Yol. 5, 1958, p. 382,

287.

268,
269.

270,

271.

272,

273.

J. R. Izatt, Office of Naval Research Progress Report, Contract No. 248(01), Johns
Hopkins University, Baltitwore, Maryland, 1960.

C. H. Palmer, 1960: see Palmer (1957), Cited incorrectly by Selby (1974).

D. E. Burch, D. A. Gryvnak and R. R. Patty, Absorption by H20 Between 2800 and 4500
cm=! (2,7 um Region), Aeromutronic Report U-3202 (1965}; 5045 and 14,483 em~-1 (0.69
to 1,28 um Reglon), Aeronutronic Report U-3704 (1966): 1630 and 2245 cm -1 (6.13 to
4.44 um Reglon), Aeronutronic Report U-5090 (1973); Philco-Ford Corporation.

D. E. Burch, D. A. Gryvnak and J. D. Pembrcok, Investigation of .afrared Ahsbrption by
Nitrous Oxide fram 4000 to 6700 cm™1 (2.5 to 1.5 um), Acronutironic Repori U-4543 (1971);

760 to 2380 em~) (13,2 to 4.2 pm), Aeronutronic Report U-4995 (1971); Philco-Ford
Corporation.

M. Summerfield, " Pressure Depencence of the Absorption in the 9.6 Micron Band of
Ozone,” thesis, California Institatz of Technology, Pasadena, 1941,

H. 8. Gutowsky and E. M. Petergen, "The Infrared Spectrum and Structure of Ozone,"
J. Chem. Phys., Vol. 18, 1950, p. 564.

M. K. Wilson and R. A. Ogg, J. Chem. Phys., Vol. 18, 1950, p. 766.
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Many measurements have been made by Burch and his coworkers, supported under con-
tract by the Air Forve Cambridge Research Laboratories. To cite them would overhuiGen
this report. The user who wants access to these reports is best adv'sad to consult eituer the
authors (Burch, et al.); the Defense Documentation Center, whose list is probably incom; cte:
or the Infrared Information and Analysis (IRIA) Center at the Enviroumental Research
Institute of Michigan, where these documents and ocher literature can be consulted.

The urgency for the use of laboratory data tor - formulation of band model parameters
has been allayed with the appearance of the AFCRL iwne-parameter compilation. The mettods
cited in Section 5 are easily adapted to the use of this compilation for calculatirg bana-model
parameters. lLaboratory data, naturally, will always be needed as a check for validity,
inasmuch as the line-parameters are less than perfect. The compilers of these parameters
readily acknowledge that they are neither perfectiy accurate nor complete. In addition,
certain assumptions must be made about line shapes and rirengths and their dependencies on
physical conditions. Thus, the need for laboratory data will always exist for band-model
predictions, although the emphasis on them may have shifted to the delineation of more funda-
mental parametera associated with the very basic nature of the individual lines.

9.2 FIELD MEASUREMENTS

The most direct, and probably the surest, way of checking the fidelity of a methed of
calculation atmospheric transmittance or radiance is to compare results obtained from the
method with the results of experimental measurements. One technique involves laboratcry
measurements, of which a few were cited in Section 9.1. But the scope of laboratc~y experi-
merts is narrow, and some of the limiting conditions are often difficult to achleve, making it
necessary to resort to field measurements, This i3 especially sc since, without laboratory
results te achieve limiting parameters, extrapolations must be made to accommodate limitiag

coritions.

Selby ('974a) has compiled a summary of atmospheric transmission field measuremefnts.
The list, reproduced in this report in Table 57, is neither appropriately selective nor complete,
But it is representative of certain types of measurements which have *wen performad in the
past. Many of these results have been around for a very long time, and have been used by
investigators in the past for making comparisons between experimental and calculated
results,

v
|

Comparisons of results requires a very accurate dest ription of the conditions under ‘\

|

which the experiment hae been performed. Most of the experiments listed in Table 57 have |

well documented conditions -eported alony witn the results, It is not always possible,

383




T OF MICIDGAN

FURMLRLY WILLUW RUN LABOGKATORIES THE UNIVERSIT

‘TLET~TLEY ‘wiEp paysiianduq] ‘Aw1g ‘g pue neaupisen 1 ‘LAEY D 6L
2o ‘126 04 ‘6561 ‘S ‘104 ‘8I184yd dwead) puT
*SOUNY “HSSN "I9S PEIV ‘Azl *Ting ‘swrdwndyy ‘O °S ‘eadk weHV "W 7 ‘A0ddiMg *T A CBl?
*§061 ‘pueldud ‘xsI[PPIN ‘saizy
‘gLS1 g1 1oday 821U0IATT [N ‘BPIINTV "W 002 S 1¥ PUTQ LOIDTW ¢°g - G IW Y
g1 'aWwaInseajy UOISBIWSUTEL ], NJaydaouny ‘pLory 4 *q pue L1xeg °f *d ‘dawaed *d ‘D °LLT
‘1561 s8quiazdas
0 °qQ ‘uoiBuryses ‘Li0jeioqe] YIIEISIY [PAEN ‘E£0C 110day THUN ‘1947 ®IS It ying
dtzaydsounyy *3} HO0T ® JO sucIdjW gZ 03 §'Q wWod) wnlydads uondiosqy syl ‘sajex *m °H ‘8L2
*16¥ "4 ‘LSBT ‘Ly “10A “wy 205 QO °f ‘}312A *D pur 3In) Y ‘PIEIMG P JINUWIV YV  “GLT

{21,
eeg gy "0 11 - -1LE1 ‘1B
[enSIA ON pue 01-16'0  -L62°0 9-5°2 }'G-6"1 lerg] 3o ‘hepysy
_w{ 0Z-6°1 (6561) 12
afury [ens1A 0 €°g-L¥0°'0  9°2°C'1 9-9'2 21-65°0 [8L2] 130 ‘acddmia
(8361)
---- 0 33 18 4 4 0S L°01-9S°0 [osz] PEERSIN
JOUTLILSTELT, {ros1) 1B
aAlLIaY 0 A €2°91 $'0 €8°0-+5°0 {182} 19 *or0anp
syind '8 (zest) "Im
TE3UCZII0Y 2'¢ 6 1-¥2°0 ‘6°1°LL"0 g 6°6-L'¢ [Le2] 19 taswareg
sqied (0961) 20148L
TRUOZIIOY € PuE @ L2°0-32°0 £0 0s-1 92-6°0 [g¥2] pueseyzx
£yied
TejuoziIoy £0 0Z-8 L'Le 09-¢ §1-S'v [eL2] (9561) sewx
$2°91 . {L561) soTX
I23TAL 1940 0 g8e-11  ‘s°'S‘e0 09-¢ §1-S°0 {6¥2] put Joiiel
ADUBPIWSICIL (Lestl) “m
ozH ‘Sog 0 2°1-60°0 o 01-53°0 [sLz] 3@ gnuay
wy ¢yy {1561) ““1®
3fuey rensi) £0°0 L'l $v9TT S y1-1 [esz] 12 *e1qqen
S2I10R wy (swo Jd) w K0 (suoI21YY) ‘J9Y  J0jEUISIIO
apnInIv Juau0) yidue coﬂ,wiowmm aduey
JodeA JaiEm yied yiSusiesem

(- lzcz ] pL61 ‘Aqras woly)

SINEWIHASYVINW T JIOISSTASKNVYY JIHIIIdSONLY 40 AHYIWIHAS °LS TdVL

364




-
il
-
FORME ALY OV RUN LABORATORES THE UNIVERSITY OF MICHICAN

however, to determine the conditions as accurately as sne requireds to check the accuracy of
a calculation method; nor is it ~lways necessary for the purpose of the measurement, The
field expertmant, nevertheles:., can serve to indicate trends which might be used to check the
consistency of 2 method which 18 designed to perform calculations in wide spectral regions.

9.2.1 SOMF EZAMPLES OF FIELD MEASUREML TS

Some exar.aples of field measurements are given in this section, sta. :ing with one of the
older set, trat of Gebble, et al, (1951), used ‘or many years 25 o means for determinativn of
atmosphe- ic transmitiance by extrapolation from exg~rimental results. Figure 105, reproduced
from Geobie, ¢t al, (1951), shows the transmittance per sea mile in the spectral region from
1 to 14 um for which the visual transmission (at 0.61 um) was 60% and the water vapor content
was 17 mm, The almost classical curves of Taylor and Yates (1957) are reproduced in
Figure 108 from an article reported in the journal literature, A broader coverage of the
Taylor and Yates experiment can be fowmd in the Handbook of Military Infrared Technologzy
[ 280] , and more still, if available, in the NRL report of the expariiaent (Yates and Taylor,
1960).

Another set of data on horizontal-path atmospheric transmittance measurements, not
reproduced here, is that of Curclo, et al, [ 281] and Curclo, et al, [ 282] providing an atmos-
pheric atlas in the spectrum from 5400 to 11.600 A (C.54 to 1.16 um). Still another set of sea
level measurements by Streete, et al. [ 282] aud Streete (1968) provides further basis for com-
paring computed and measured resvits, and also for comparing different measured values.

The original dzata (Streete, et al., 1967) are not absolute, and of only limited use, The lattcr
report (Streete, 1968) shows data which are more poorly resolved., These data are not repro-

duced here.

One of the latest sets of rorizontal-, or nearly-horizontal path data to be complled is that
of Ashley (1974). They are the highest-resolution transmittance data available for the long
wavelength spectrum out to 14 um, They are, unfortunately, unavatlable in the open literature,
being collected as auxiliary data in a continuously-generated set of the measurements of
various sources. Saiaples of these measurements, taken with a Fourier Transform Spectromete:,

200, W. L. Wolfe (ed.), Handbook of Military Infrared Technology, Office of Naval Research,
U. 8. Governmeut Printing Office, Washington, D. C., 1865,

281, J. Curcio, L. Drummeter and G. Kuestrick, Appl. Opt., Vol. 3, No. 12, 1C64. p. 1401,

282. J. Curcio, R. Eckardt, C. Acton and T. Cosden, An Atlaa of the Absorption of the Atmo~
sphere from 8512 tc 11,500 A, Report No, 6352, U, S, Naval Regearch Laboratory,
Washington, D, C,, 1985. :

28Y. J. L, Streete, et al., "Near Infrared Atmospheric Absorption over a 25 km Horlzontal
Path at Sea Level,” Appl. Opt., Vol. 6, No. 3, 1957, pp. 488-496,
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FIGURE 105. ATMOSPHERIC TRANSMISSION, (Vinual transmission (0.61 ) 607 per sea mile;
water-content 17 mm.) (Reproduced from Gebbie, et al,, 1951 [ 253].)
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FIGURS 108, ATMCSPHERIC TRANSMISSION SPECTRA. (Reproduced from Taylor and Yates,

1057 [ 249] .)
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are rhown in Figures 107, 108, 109 and 110. Information on the figures explains the physical
conditions, Figure 111 shows a comparison of transmiitances for various path lengths. Again,

physical conditions are given on the figure,

Horizontal-path measureme tc are limited in that they do not emphasize atmospher ic
inhomogeneities. Thus, there is no way to check for varlations of factors like line shapes
and strengths, On the other hand, measuremoents through a slant atmospheric path are usually
devoid of the necessary auxiliary information to make a valid check with calculation on an
absolute basis. Nevertheless, nieasurements of solar radiation are quite useful, and a great
deal can be learned in making comparisons with calculated results. To b¢ sure, solar
measurements are useful in and of themselves for determining line positions, atmospheric
constituent identifications and concentrations, etc. We shall not dwell here, however, on
these types of measurements, The reader is referred to the Bibliography by Laulainen (1972)

in which a number of references to solar spectra literature are listed.

9.3 COMPARISONS OF THE CALCULATIONS (See also Sections 6.3,
1.1, 1.2, 1.4, 1.5, 8.1, 8.2 and 8.3.)

Except in the sections describing the various calculation techniques, intercomparisons
of results are Impouysible because the computer programs for performing the calculations
either are not available, or are too complex to use without the help of the programmer,
through personal interview or documentation, Three exceptions to this fact make it possible
to review some of the results discussed in the earlier sections. That is, we have available
thie programs associated with the Aggregate and LOWTRAN 2 methods, and with Drayson's
method. . In addition, we have available a model for the atmosnheric constituents which is
useable in each method, so the differences that arise in the results should be associated
only with »t'he specific performance of the calculation method.

To show how atmospheric transmittance in the long wavelength IR region varies with
changes in the set of at'nospheric parameters used, Figure 112 presents spectra pertaining
to the five atmosphere models, described in Section 10, calculated by th~ Aggregate method.
The data of Figure 112 are plotted as a function of wavelength, A. Figures 113 through 117
show comparisons of tue transmittances as functions of wave number, v, obtained by the
Aggregate and the LOWTRAN 2 methods, On the whole, one might comment that the agree-
ment is fair; quite good in certain spectral i-egions and relatively poor in others. One might
also specglate, because of the region in which the greatest disparity exists as a rule (i.e.,
in the 8 - 14 um region where the H50 vapor continuum is important), that the comparative
strese on the Hzo vapor continuum between the two models is significant. We note liere, by
way of explanation, that the differences should reflect only the differences in the techniques
used in calculation, since the atinospheric models used in both cases were identical,
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FIGURE 112, TRANSM'ATANCE FOR AGGREGATE MODEL ATMO-
SPHERE IN THE 8-14 um REGION FOR A VERTICAL PATH LOOKING
DOWN FROM 100 kra
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FIGURE 113, TRANSMITTANCE FOR A VERTICAL PATH LOOKING DOWN FROM
100 km. Trunic model atmosnhere,
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FIGURE 113, TRANSMITTANCE FOR A VERTICAL PATH LOCKING DOWN FROM
100 km. Tropic model atmosphere. {Concluded)
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We Jo not have a program to calculate path radiance using the LOWTRAN 2 method,
althougl: to produce one would be no difficult task. Sclby (1974a) has provided curves showing
the variation ¢! spectral radiance (looking down from space) for six model atmospheres, the
five described in Section 10, plus the 1962 U.S. Standard Atmcsphere. These curves are ¢i n-
pited in Figure 118, Selby has provided also another set of curves, given in Fiqure 92,
allegedly comparing the radiance calculated using the LOWTRAN 2 transmittance with values
presumably obaerved in 2 Nimbus experimen:d. Tha r:ference cited is Conrath, et al, (1971),
although no reference information is provided. Thus, there {3 no way to check this result,
The figure shows a rather good agreement between the observed and calculated values which
were ob‘alned using actual sounding data for the atmiosphe.ic parameter:. Comparisons
with Nimbus data, however, would usually be expected to have limited meaning without
specific atmospheric data, because for any set of conditions which could purportedly fit the
modei alimosphere data, the Nimbus spectral radiance can vary conslderably,

This latter fact points out the need for simultanenus measurern.ent of environmental con-
ditions if valla comparisona are to be made. Figure 117 gives eviderce of the wide range of
spectra one can accumulate f~om Nimbus mcasurcments, all fitting the standardized atmos-
pherlc category of Midlatitude-Win*er. The dilicrences are obviously dopendent on the par-
ticwar atmospheric conditicns which prevailed at the time of the meuasurement, Including,
presumabiy, actual temperature differences, amounts of ozone and water vapor, presence ol
clouds, etc. We can choose, incidentally, one spectzum out of another group of Nimbus dzta
which would come close to a spectral radlance curve by the Aggregate method although not
the nearly perfect fit shown in Figure 92. (Selby had access to actuvai sounding data fn choosing
the fit to Fig. 92.) Figure 1202 is a resuit of the Agpregate calculation using the Midlatitude-
Summer atmospheric model (see Section 10). Other curves of snectral radiance calculated using

the Aggregate metiod for various model atmospheres are shown in Figures 121 through 124.

Comparing the spectral radiances of Figure 120 vith their counierparts in Figure 92, we
find that the values calculated with LOWTRAN are remiarkably similar to those using the
Aggregate method. Without more information on the manner in which Figure 92 was obtained
it 1s not possible to say anything f\rther about the compurison, especially since the LOCWTRAN
2 method predicts generally lower transmittances in this spectral region.

On the other hand, we have made calculations of spectral radiance at two polrts, 650 and

850 cm™1
program is an "infinitely’ resolved spectrum, we smonthad the data to yicld the equivalent of

, using the Drayson program for cauculating transmittance. Since the output of the

the result which would be obtained by an instrumen® with a telangular slit function of width
20 cm~1, Tle 20 cm~1 width was used to colncide with that correspondin’s to the results of
the LOWTRAN 2 method. The two vilues obtained are shown plotted as tio points on Figure 12Ca,
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an Aggregate method spectrum computed for a Midlatituae-Summer atmospheric model. The
spectral resolution corresponding to this region for the Aggregate model, a3 shewn in Tabie 57,
is ahout 5 cm-1, DBecause this is scraewhut smaller than the 26 cm=1 used in tae line-by-lire
calculation, the agreement is perhaps Jess than the excellent agreement shown on the figure.

The difference between the spectrum and the point computed at 550 cm™1 with the
line~by-line method seems to tend in the expected direction, Drayson's program does not
account for absorption by re nzo continuum, making transmittance by this method at 850 em-1
a few percent higher than by the Aggregate metbod. The calculated radiance would ordinarily
be higher by Drayson's technique, because the earth radiance in the Aggregate method would
be attenuaied, replaced by the lower radiance of the covler HoO vapor at hugher altitude.

To show ccmparison of Nimbus data with the results of a line-by-line method (that of Kunde)
of calculation we have reproduced a curve by Conrath, et al (1370) which seeins to agree with the
cond.tions given for the curves of Figure 92 and Figure 120a. This curve is shown in Figure 125,
We have retained the scales in the original calculaticns, but note that they are all consistent.
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10
ATMGSPHERIC CONSTITUENTS

10.1 INTRODUCTORY REMARKS

The accumulation of data that has been gathered by various investigations provides no
basis upon which it would be practical to creat? a formal model for the various constituents
in the atmosphere. Therefore, any models which appear in this report must be simply renro-
ductions of those which have already been compiled in other reports for the calculation of
atmospheric transmittance. A cursory search of the contents of the Journal of the Atmospheric
Sciences revealed no important new models which should necessarily succeed the ones ia
current vse. However, theie is much work being done, for eximple, in studying the sizes and
concentration of scattering constituents, and perhaps in the very rear future some significant
data will be forthcoming to provide more r2liable inputs for model calculations, It is felt
that the current inputs are reliable, but perhaps limited in that they do not accournt for the
huge variations which are knuwn to occur on a yearly and even daily basis, or between prox-
imate geographical locations. It will be noticed, however, that the atmospheric moels for,
say, the Aggregate and LOWTRAN methods do not necessarily coincide.

The U.S. Standard Atmosphere, divided nto regional and temporal groups, is the one m,st
feasible for presentation of the more-or-less common, or basic, properties of the atmosphere,
temperature, pressure and density of the stable components of air. All absorption models of
which we are aware consider the fractional composition of certain of the chief absorbers, i.e.,
COz, €O, CHy, N30, as constant with altitude in the troposphere., Obviously, this must be
untrue under circimstances for which it is known that certain gases, for special reasous, appear
in more than their normai concentrations. Even where extraordinary conditions do not exist,
there can be temporal and gengraphical variations in the "fixed-concentration' gases. It is
evident, then, that model atmosnheres are just models, and are to be used to predict trans-
mittance in those cases for which an average value, related to average conditions, can be
accepted. When more precise information is required, the prof'les of all important physical
parameters must be known and used in the models for calculating atmospheric transmittance.

For the investigator who wishes to probe more deeply irto the variability one might expect
in the model atmuspheres that are used for gencialized transmistance calculations, there
exist reports and articles covering many phases of {avestigationz on the properties of the
atmosphere which influence transmittance, Particular attention 15 given to acrosols, because
their variability is so greal, and the interest in this variabliity is kecn hecauge scattering
phenomena are so sensitive to it. One issue of the Journal ot Geophysical Research was
devoted tn the topic of sea-air chemistry, with the publication of many papers from a Working
Symposium on Sea-Air Chemistry. Of paurticular interest to the person makirg atmospheric
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transmittance calculations is a paper by Junge [ 284] on the physics-chemistry of aerosols in
m ~ine environments, In thic paper, he discusases five different particle types: thcse with
radii larger than 20 um, sea spray particles, tropospheric background particles, mineral dust
particles, and particles witli radiif smaller than 0.03 um. In the same issue, Moyers and Duce
[285], [ 2¢6] discuss gaseous and particulate todine and bromine in the marine atmosphere.

10.2 PRINCIPAL GASES FOR ABSORPTION
Since the absorptive properties of the gases are given in detail in Section 4, we present
only the meteorclogically r~lated parameters in this section.

10.2.1 CARBON DIOXIDE (CV3)

Carbon dioxide is chief among the fixed gases in absorption and emissicn ¢ atmospheric
radiation. In the predecessor to this report (Anding, 1967), a lurge section is devoted to «
discussicn of the accumulation of datz on CO, and other atmospheric gases of iraportancue t»
this study. No atlempt will be made to reproduce that discussion here. Taken from that
report, Table 58 deLicts the values of the concertrations of CO, obtained by various invast-
igators. The concentration chosen for the Aggregate method is 320 ppm. The value quoted
by Laulainen (1972) is about 325 ppm, uniformly mixed up to the stratopause, "whese it is
presumably destroyed by photochemical decomposition.'’ The vearly increase in CO2 is con-
sidered to be about 1 ppm. The value used in th2 LOWTRAN 2 model is chown in Table 39,
along with the values for other fixed gases used in that model.

10.2.2 NITROUS OXIDE (N20)

Considered in the early part of the century as a fixed constituent of the atmesphere,
(which dissociates in the stratosphere), and later coniirmed by Adel [ 287], [288], NyO is
considered, as quoted by Laulainer, to have a fractional volume abundance of 2.5 x 10-7,
Table 60 (see Anding, 1967) showo the values obtained by different investigators. The value

284, C. E. Junge, "OQur Knowledge of the Physics-Chemistry of Aeroeols in the Undisturbed
Marine Envircnment,"” J. Geophys. Res., Vol. 77, No. 27, 1872, pp. 5183-5200,

235, J. L. Moyers and R. A. Duce, "Gageous and Perticulate Iodine in #e Marire Atmo=
sphere,” J. Geophys. Res., Vol. 17, No. 27, pp. 5229-5238.

286. J. L. Moyers and R. A, Duce, Gaseous and Particulate Bromine in the Marine Atmo-
sphere, J. Geophys. Res., Vol. 17, No. 27, 1672(b), pp. £330~5338.

287. A. Adel ard C. O. Larapland, "A ! ew Band of the Abgorption Spectrum of the Earth'a
Atmosphere," Astrophya. J., Vol. 87, 1938, p. 198,

28G. A. Adel, "Note on the Atmorpheric Oxides of Nitrogen,” Astrophya. J., Vol. 80, 1939,
p. 627.
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TABLE 53. CONCENTRATION OF CARBON

DIOXIDE
CO4 Content
Source __{ppm)
Vailey [ 290] 31¢
Keeling | 291] 314
Callendar [ 292] 320
Glueckauff [ 293] 320
Fonseilous [ 294] 321-329
Bray [ 295] 320
hverage 321+ 5
290. . L. Valley, Handbook of Geophysics and Space Environmenta, Air Furce {ainbridge
Research Laboratorles, 1965.
281. C. D. Xeeling, "The ¢ - centration and Isotopic Abundance cf Carbon Dioal’e in the
atincsphere,” Tellus, Vol. 12, 186N,
292, G.S. Callendar, "On the Amount of Carbon Dioxide in the Atmosphere,” Tellus, Vol. 10,
1958, np. 243-248,
203. E. G. Glueekauff, "COg Content of the Atmosphere,” Nature, Vol. 153, 1944, pp. 620-
621.
294, 8. Fonsellous, ¥. Koroleff and K. Burch, "Microdetermination of CO2 In *he Air with
Current Data for Scandinavia,’ Tellus, Vol. 7, 1955, pp. 258-265.
295. J. R. Bray, "An Analys!s of the Possible Recent Change in Atmospheric Carbon Dioxide,”
Tellus, Vol. 11, 1959, pp, 220-230,
TABLE 59, CONCENTRATIONS OF UNIFORMLY MIXED GASES.
(From McClatchey, et al., 1972 [ 21].)
((:m--atm)s.rP (cm-atm)srrp/km
Molecular ppm by in vertical path in horizental path
Constituent wt. vol. from sea level at sea level gm cm’2/mb Ref.
Alr 28,97 108 8 x 10° 105 1.02 [290]
COgq 44 330 264 33 sa1x10°4  [296]
N,0 44 0.28 0.22 0.028 4.34x 10°7 [ 2917]
co 28 0.075  0.0€ 0.0075 7.30 x10°8  [298)
CH4 16 1.6 1.28 0.18 9.01 x 10'7 [299]
o, 32 2.095X 168 x 10° 2,095 x 104 0.236 [290)
0N

206. U, Fink, D. H. Rank and T, A. Wiggins, J. Opt. Soc. Am., Voi. 54,1964, p. 472.
297. J. W. Birkelund and J. H. 8haw, J. Opt. Soc. Am., Vol. 49, 1939, p. 637.

298. J. H. 8haw, Monthly Keport on Infrured Temperature Sounding, HF VProject 2469, Report

No. 16, Ohto State University, Zolumbus, Octeber 1868,

209. J. H. Shaw, A Determination of the Abundance of N;Q, CO, and CE4 in Ground Level

Alr at Several Locatlons Near Columbus, Ohlo, 8ci. RReport No. 1, Contract AF 18(604)-

2258, AFCRL.
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TABLE 60. CONCENTRATION OF NITROUS OXIDE

Author Date

Adel [ 300} 1941

Show, Sutheriand, 1943
and Wormell [ 301]

McMath and 1948
Goldberg [ 302]

Slobod and 1950
Krogh [ 303)

Birkeland, Burch, 1987
and Shaw { 304]

Birkeland { 305] 1957

Bowman [ 306] 1959
U.S. Standard 196%
Atmosphere

Content
Location ] {(ppm)
Arizona 0.38
England 1.25
Michigan 0.5
Texas 0.5

Che¢ sapeake Bay v.43

Ohio 0.28
Ohio 0.28
0.5

300.

301.
302,
303.
304.
305.

308.

A. Adel, "Equivalent Thickness of the Atmoapheric Nitrous Oxide Layer,” Phys, KRev.,

Vol. 59, 1941, p. 944.

J. H, Shaw, G. B. B. M. Sutherland and T. W. Wormell, "Nitrous Oxide in the Earth's
Atmosphere,” Phys. Rev., Vol, 74, 1948, p. 978.

R. McMath and L. Goldberg, "The Abundance and Temperature of Methane in the
Earth's Atmosphere,” Proc. Am. Phys. foc., Vol. 74, 1948, p. 623,

P. L. Slobod and M. E, Krogh, "Nitroas Oxlde as 2 Constituent of the Atmosphere,”
J. Am. Chem. Soc., Vol. 72, 1950, pp. 1175-111717.

J. W. Birkeland, D, E. Burch and J. H. Shaw, "Some Comments on Two Articles by
Taylor and Yates," J. Opt. Soc. Am., Vol. 47, 1857, p. 441,

J. W. Birkelard, "Determination of Ground Level NgO," M.S. thesis, Ohlo State

University, Columbus, 1957,

A. L. Bowman, A Determinaticn of the Abundance of Nitroug Oxide, Carbon Monoxide
and Methane in Grouna Level Air at Sevzral Locations near Columbus, Ohlo (Scientifte
Report No. 1 on Contract AF 19(604)-22598), Ohlo State University, Cclumbus, 1959.
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choser. for the Aggregate method is 0.28 ppm, as it is for the LOWTRAN 2 method (as shown

in Table 59). Goldman, et al. [ 289] indicatc that the measurements giving these results were
made at ground level. From the measurement of emission spectra from balloons, taey have
determined that the mean value for a range of altitudes from 5 to 13 km is 0.14 ¢+ 0.04 ppm.

10.2.3 CARBON MONOXIDE (CO)

As with the other fixed gases, CO is considered to be uniformly mixed vertically, at least
up to the tropopause, above which it is oxidized to COy. The concentration then increases
higher in the stratosphere and in the mesosphere. There is no strong indication that there
are significant long-term increases in CO, paril lly because stort-term temporal and spatial
variations tend to conceal whatever small long-term increases might occur, Laulainen
suggests that natural production and destruction of CO are sufficient to override man-produced
causes. The variability from different regions causes a range of concentrationc from 0.01 to
0.20 ppm in remote locations and from 0.4 to 2.2 ppm in urban areas. The tixed value vsed in
the Aggregate method is 0.12 ppm, whereas as shown in Table 59, LOWTRAN 2 uses 0.075.
Table 61 shows the ranges of CO concentrations obtained by various investigators.

10.2.4 METHANE (CHy)

Laulah..n (1872) reports a volume mixing ratio of almost 1,6 ppm, which is approximately
counstant with altitude up to the troporause, then decreases raplidly in the lower stratosphere.
The value used in the Aggregate m~thod is 1.1 ppru and in the LOWTRAN method is 1.6 ppm

as seen in Table 59.

10.2.5 NITRIC ACID (HNOg)

Nitric acid, discovered recently in ihe stratosphere by Muicray, et al. [307] , is con-
sidered as an absorber only in the Aggregate method.' The values used for all atmospheric
models (described in the next section under water vapor) are shown as a curve of mixine
ratio vs altitude in Figure 126. More recent bal]oon—tilght measurements by Murcray, et al.
[308] show distributions with aititude produced as in Figure 127, where the abso-ber amounts

correspondiny to the measured data are shown on the curves,

1
1
|

!
288, A. Goldman, M. G. Murcray and F. H. Murcray, et al., "Abundance of N70 In the At-
mospliere beween 4 5 and 13.5 &, J. Opt. Soc. Am., Vol. 60, No. 11, i970, pp. 1466~
1468.

307. L. G. Murcray, T. G. Kyle, F. H. Murcray ana W. I. Willlams, "Nitrle Acid and Nitric
Oxlide in the Lower Stratosphers,” Nature, Vol. 218, 1968, p. 78.

308. D. G. Murcrus, A. Goldman and A. Caoeke-Poeckh, et al., "Nitric Aéld Distribution in
the Stratosp“ere," J. Ceophys. Res., Vol. 78, No. 30, 1973, pp. 7033-7138.
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TABLE 61. CONCENTRATION OF CARBON MONOXIDE

Mean Concentration = Range

Location Observers (ppm) {ppm)
Columbus, Ohio  Migeotte [ 309] 0.125* .-
Columbus, Ohio  Bowman [ 306] 1.1 ' 0.4-2.2
Columbug, Ohio  sShaw ard Howard [ 310] 0.125*+ 0.075-0.25

[311], Shaw and Neilson[ 312]
Columbus, Ohio  Shaw [313] 0.075* * 0.05-0.125
Ottawa, Canada Locke pnd Herzberg 0.1625 » 0.09-0.18
[314]
Jungfraujoch, Benesch, Migeotte, and 0.075** 0.025-0.11
Switzerland Neven [ 315]
Flagslaff, Arizona Adel [ 316] 0.125* -

309,

310.

311.

312.

313.

314.

315,

316.

* Concentration determined from published spectra.
* * Concentration reduced to sea level assuming uniform vertical distribution.

M. V. Migreotte, "The Fundamental Band of Carbon Monoxide at 4,7 4 in the Solar
Spectrum,” Phya. Rev., Vol. 75, 1849, p. 1108,

J. H. Shaw and J. N, Howard, "A Quantitative Determination of the Abundance of Telluric
CO Above Columtr's, Ohlo,” Phys. Rev., Vol. 87, 1952, p. 380,

J. H. S8haw and N. Howard, "Absorption of Telluric CO in the 23 u Regicn," Phys. Rev.,
Vol. 81, 1852, p. 679.

J. H. S8haw and H. H. Nielson, Infrared Studies of the Atmospherc (Final Report on
Contract AF 19(122)-65), Ohlo State University Research Foundation, Columbus,
1954,

"J. H. Shaw, The Abundance of Atmospheric CO above Columbus, Ohlo (Contract AF

19(604)1003), Report No. AFCRC TN 57-212, Ohlo State University Research Founda~-
tion, Columbus, 1957.

J. L. Locke and L. Herzberg, "The Absorption due to Carbon Monoxide in the Infrared
Solar Spectrum,” Can, J. Phys., Vol. 31, 1853, p. 504.

W. Benesch, M. V. Migeotte and L. Neven, "Investigations of Atmospheric CO at the
Jungfraujoch,” J. Opt. Soc. Am., Vol. 43, 1953, p. 1119,

A, Adel, "identification of Carbon Mouoxide in the Atmosphere above Flagstaff,
Arizona," Astruphys. J., Vol. 116, 1952, p. 442.
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FIGURE 126, MODEL ATMOSPBERES -~ NITRIC ACID MIXING
RATIO. (Reproduced from Hamilton, et al., 1973 [19].)

427



FORMERLY WILLOW RUN LABORATORIES, THE UNIVERSITY OF MICHIGAN

]
4
1
|
]
]

AIR)

s/ GM

M HNO

(G

MIXING RATIO

18 NOV. 1970 ]
{ w=2.TX 10-4 atm-cm 4
23 SEPT 1970 T
e) T -4 k-
"w=3.3x10 atm-cm 3
I3 JUNE 1970
Tl i

w=21%10 " atmm-cm
K°® -
T ]
o 6 MaY 1970 _|
w=14x10"4 atm-cm J
: ]
¢ -

TR (N SO U NS U SN NN SR | . !

o

20 . 30
ALTITUDE (KM)

FIGURE 127. DISTRIBUTION OF HNOq WITH ALTITUDE AS
DETERMINED FROM ATMQOSPHERIC %MJSSXON DATA. (Re-
produced from Brooks, et al., 19738 [318].)
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10.2.6 WATER VAPOR (H,0)

Water vapor is the atmosphere’s most variable gaseous constituent from the stundpoint
of atmospheric transmittance, Anding (:1967) has a lengthy discussion on the variability of
water vapor and the numerous measurements made on it. Laulainen quotes the varjability as
102 t0 1073 in the mixing ratio, with a diminution as a result of condersation and precipitation
of about 1/3 for every 2 km, reaching the value of roughly 8 x 10-6 in the stratosphere, The
profiles of water vapor are given in conjun:tion with the regional-temporal profile of pressure,
temperature, and air density, corresponding to the following climates: tropical; midlatitude
summer; midlatitude winter; subarctic summer; and subarctic winter. Tables of preassure,
temperature and density as functions of altitude for these regions and climates are shown in
Table 62. Values for the water vapor profile (Valiey, 1965 and Sissenwine, et al, [ 317] ) used
in the LOWTRAN method (McClatchey, et al,, 1972) and the ERIM version of the Aggregate
method, are shown in the fifth column of each of these tables. Tlke Aerospace version of the
Aggregate method uses a somewhat difierent set of profiies (Hamilton, et al., 1973) showr. in
Figure 126 (Valley, 186L and Goldman, et al, [ 318] ). Recont results o measurements vith
balloon-borne instrumentation (Brooks, et al. [ 319] ) are shown in Figure 129, A recaat
summary article [ 320] compares the values of various measurements, From a search of
37 winter months of synoptic charts, the author concludes that the 30-mbar HyO vapor mixing
ratio is approximately 6-8 ppm in the high latitudes of the Northern Hemisphere over
populated areas.

10.2.7 OZONE (03)

Ozone §s another highly variabie atmospheric constituent, regarding ooth the time of year
and geographical location. The concentration peaks at about $0 km, where Laulainen quotes
a mixingratio of better than 10 ppm. Anding has an extensive discusvion of the varlabiilty
of ozone and the measurements made on it. The Aerospace version of the Aggregaie method

317. N. Sissenwine, D. Grantham and N. 8. Salmela, Hum!dity Up to the M2sopause, Report
No. AFCRL-~-68-0550, Alr Ferce Cambridge Research Labs., Bedford, Mass., 1968.

318. A. Goldman, Distribution of Water Vapor in the Stratosphere as Determined from
Balloon Measurements of Atmospheric Emission Spactra tn the 24 to 29 m Reglon,
Report No. AFCRL 72-0077, University of Denver, 1972,

318. J. N. Brooks, A. Goldman, J. J. Kosters, D). G. Murcray, F. H, Murcray and W. J,
Williams, "Balloon-Borne Infrared Measurements," in Physics and Chemistry of Upper
Atmospheres, B. N. McCo: mac (ed.), Proceedings of a Sympostum organized by the ;
Sammer Advanced Study Institute, held at the Unlversity of Orleans, Frante, July 31~ 1
August 11, 1872, D. Reldel Publishing Co., Dordrecht, Hollcnd, 1973, pp. 278-285.

320. J. L. Stanford, "Stratospheric Water-Vapor Unper Limits Inferred from Urper-Alr
Observations, Part I: Northern Hemisphere,” Bull. Am. Mct. Soc., Vol. 55, No, 3,
1074, p. 104.
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TABLE 62. MODEL ATMOSPHERES USED AS A BASIS OF THE COMPUTATION OF
ATMOSPEERIC OPTICAL PROPERTIES. (From McClatchey, et al., 1972 [21].)

(a) Tropical
Ht. Pressure Temp. Densi%y Water Vapor Ozone

(lun) (mb) (°K) g/ (g/m3) (g/m3)
0 1.013E+03 300.0 1. 167E+03 1. 9E+01 5.6E-05
1 0. 040E+02 294.0 1. 064E+03 1. 3E+01 5.6E-05
2 8. 050E+02 288.0 9. 689E+02 9. 3E+00 5.4E-05
3 7. 150E+02 284.0 8. 756E+02 4. TE+C0 5. 1E-05
4 6. 330E+02 271.0 7.951E+02 2.2E+00 4.7E-05
5 5. 590E+02 270.0 7. 199E+02 1. 5E+00 4.5E-05
6 4. 920E+02 264.0 6. 501E+02 8. 5E-01 4.3E-~05
K 4. 320E+02 257.0 5. 855E+02 4 7E-01 4.1E-05
8 3.78LE+02 250.0 5.258E+02 2.5E-01 3.9E-05
9 3.290E+02 244.0 4, 708E+02 1. 2E-01 3.9E-05
10 2. 860E+02 237.0 4.202E+02 5. 0E-02 3.9E-05
11 2.470E+02 230.0 3. 740E+02 1.7TE-02 4. 1E-05
12 2. 130E+02 224.0 3. 316E+02 6.0E-03 4.3E-05
13 1. 820E+02 217.0 2. 929E+02 1.8E-03 4.5E-05
14 1. 56CE+02 210.0 2. 578E+02 1.0E-03 4.5E-05
15 1. 320E402 204.0 2.260E+02 7.6E-D4 4.7E-05
16 1. 110E+02 197.0 1. 872E+02 6.4E-04 4.7E-05
17 8. 3T0E+01 195. 0 1. 676E+02 5. 6E-04 6.9E-05
18 7. 890E+01 199.0 1. 382E+02 5.0E-04 8. 0E-05
18 €. 660F+01 203.0 1. 145E+02 4.32-04 1.4E-04
20 5.650E+01 207.0 9.515E+01 4.5E-04 1. 9E-04
21 4.800E+01 211.0 7.938E+01 5. 1E-04 2.4E-04
22 4. 080E+01 215.0 6. 645E+01 5. 1E-04 2.8E-04
23 3. 500E+01 2:7.0 5.618E+01 . 5.4E-04 3.2E-04
24 3. 000E+01 219.0 4.763E+01 6.0E-04 3.4E-04
25 ! 2.570E+01 221.0 4, 045E+C1 6.7E-04 3.4E-04
30 | 1.220E+01 232.0 1. 831E+01 3.6E-04 2.4E-04
35 | 6.000E+00 243.0 8. 600E+00 1. 1IE-04 9.2E-05
40 \ 3. 050E+00 254.0 4. 181E+00 4. 3E-05 4. 1E-05
45 1. 590E+00 265.0 2. 097E+00 1. 8£-05 1. 3E-05
50 8.540E-01 270.0 1. 101E+00 6. 3E-06 4.3E-C6
70 $.760E-02 218.0 9.210E-02 1.4E-07 8.6E-08
100 3. 000E-04 2id.0 5. 000E-04 1. 0E-~09 4.3E-11
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TASLE 62. MODEL ATMCSP:IIIII™S USED AS A BDAZ'S OF THE COMPUTATICN
OF ATMOSPIRRIC OPTICAL PRCDURTIES. (From LicClotchey, et al, 17712[21].)

(Caatinucd)
(b) Midlatitude Summer

Ht. Pressure Temp. Densit Vater Vapor Ozon§
(km) (mb) (°K) (g/m9) (z/m3), (g/m3)
0 1. 013E+03 294.0 1. 191E403 1. 4E+01 6. 0E-05
1 9. 020E+02 290.0 1. 080E+03 9. 35400 6.0E-05
2 8. 020E+02 285.0 9. 757TE+02 5. gE+00 6.02-05
3 7. 100E+02 279.0 8. 846 E+02 3. 3E+00 6.2E-05
4 6. 280E+02 273.0 7. 998E+02 1. 9E+00 6.4E-05
5 5. 540E+02 267.0 7.211E+02 1. CE+00 6. 6E-05
6 4. 870E+02 261.0 6.487E+02 6. 1E-01 6.9E-05
7 4.260E+02 255.0 5, 830E+02 3.7E-01 7.5E-05
8 3. T20E+02 248.0 5.225E+02 2. 1E-01 7.9E-05
9 3. 240E+02 242.0 4. 669E+02 1.2E-01 8.6E-05
10 2. 810E+02 235.0 4. 159E+02 6. 4F-02 5.0C 5
11 2. 430E+02 229.0 3. E93E+02 2.2E-02 1. 1IE-04
12 2. 090E+02 222.0 3.269E+02 6.CE-03 1. 2E-04
13 1. 790E+02 216.0 2. 882E+02 1. BE-03 1.SE-04
14 1. 530E+02 216.0 2.464E+02 1. 0E-03 1. 812-04
15 1. 30UE+02 216.0 2. 104E+02 7.62-04 1. 9E-04
16 1. 110E+02 216.0 1. 797E+02 6.412-04 2. 1E-04
17 9. 500E+01 216.0 1. 535E+02 5. 612-u4 2.41-04
18 8. 120E+01 216.0 1. 305E+02 £, 0Z-04 2.8E-04
19 6.950E+01  217.0 1. 110E+02 4.97-04 3.2E-04
20 5.950E+01 218.0 9.453E+01 1.51-04 2.4£-04
21 5. 100E+01 219.0 8. 055E+01 5. 1E-04 3. 6E-04
22 4.370E+01 220.0 6. 812E+01 5. 1E-04 3.6E-04
23 3.760E+01  222.0 5. 867E+01 5.4E-04 3. AE-04
24 3. 220E+01 223.0 5.014E+01 6.0E-04 3.2E-04
25 2.T70E+C1 224.0 4.288E+01 6.7TE-04% 3. 0E-04
30 1.320E+401  234.0 1.871E+01 ) 3.6E-04 2. UE-04
35 6. 520E+00 243.0 ©.204E+00 1. 1E-04 9.2E-05
40 3.930E+00  258.0 4.505E+00 4.3E-05 4.11-0
45  1.760E400  270.0 22338400 [ 1oE-C5 1. 3E-05
50 9.510E-0) 276.0 1.202E+C0 6.3E-06 4,3C- 06
70 6.710E-02 218.0 1.071E2-01 1.4E-07 8.612-08
100 3. C0OE-04 210.0 5.000E-04 1. 01-09 4.3E-11

*Original numbers have been corrected.
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TABLE 62. MODEL ATMZSPHERES USED AS A BASIS OF THE COMPUTATION
OF ATMOSPHERIC OPYICAL. PROPERTIES. (From McClatchey, et al., 1972 r21).)

{Continued)
(c) Midiatitude Winter
Hu Pressure Temp. Density Water Vapor Ozone
(km) (mb) °K) (g/m?) (g/m3 (g/m3)
0 1. 018E+03 272.2 1. 301E+03 3.5E+00 6. 0E-05
1 8. 973E+02 268.7 1. 162E+03 2.5E+00 5.4E-05
2 7. 897TE+02 265.2 1. 037E+03 s. BE4+00 4.9E-05
3 6. 938E+02 261.17 6. 230E+02 1. 2E+90 4.9E-05
A 6. 081E+02 255.17 8.282E+02 6.6E-01 4. 9E-05
1) 5.313E+02 249.7 7.411E+402 3. 8E-01 5.8E-05
6 4. 627E+402 243.17 6.614E+02 2.1E-01 6.4E-05
) 4, 016E+02 237.7 5. 886E+02 8. 5F-02 7.7E-05
8 3.473E+02 231.7 5.222E402 3.5E-02 9. 0E-05
9 2. 992E+02 225.7 4, 619E+02 1.6E~02 1.2E-C2
10 2.568E+02 219.7 4.072E+02 7.5E-03 1. 6% ¢
11 2. 199E+02 219.2 3.496E+02 6.9E-03 z. 1E-04
12 1. 882E+02 218.7 2.999E+02 6.0E-03 2.6E-04
13 1. 610E+02 218.2 2.572E+02 1. 8E-03 3.0E-04
14 1. 378E+02 217.7 2.206E+02 1.0E-03 3.2E-04
15 1. 1785*-02 217.2 1. 890E+02 7.6E~04 3.4E-04
16 1. 007E+02 216.7 1. 620E+02 6.4E-04 3.6E-04
17 8. 610E+01 216.2 1. 388E+02 5.6E-04 3.9E-04
18 7.350E£+01 215.17 1. 188E+02 5.0x-04 4. 1E-04
19 6.280E+01 215.2 1. 017E+02 4.9E-04 4.3E-04
20 5. 370E+01 215.2 8. 690E+01 4.5E-04 4.5E-04
21 4.580E+01 215.2 7.421E+401 5. 1E-04 4.3E-04
22 3.910E+01 215.2 6. 338E+01 5. lIE-04 4. 3E-04
23 3.340E+901 215.2 5.415E401 5.4E-04 3.9E-04
24 2. 860E+01 215.2 4,624E+01 6. 0E-04 3.6E-04
25 2.430E+01 215.2 3. 950E+01 6.7TE~C4 3.4E-04
30 1. 110E401 217.4 1. 783E+401 3.6E-04 1. 9E-04
35 5. 1B0E+00 227.8 7. 924E+00 1. 1IE-04 9.2E-05
40 2.530E+00 243.2 3.625E+00 4.3E-05 4. 1E-05
45 1. 290E+00 258.5 1. 74 1E400 l 9E-05 1. 3E-05
50 6.820E-01 265.17 8. 954E-01 6.3E-06 4. 3E-08
70 4.6/0E-02 230.17 7.U51E-02 1.4E-07 3.6E-08
100 3. 000E~G4 210.2 5. 000E-04 1. 0E-03 4.3E-11
422
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TABLE 62. MODEL ATMOSPHERES USED AS A BASIS OF THE COMPUTATICN
OF ATMOSPAERIC OPTICAL PROPERTIES. (From McClatchey, et al., 1972 [21].)

(Continued)

(d) Subarctic Summer

Ht. Pressure Temp. Densit Water Vgpor Ozons
(km) (mb) ©K) &/m3) @/m*) @/m*)

0 1.010E+03  237.0 1.220E+03 9. 1E+00 4.9E-05
1 8. 960E+02 282.0 1. 110E+03 6. 0E+00 5.4E-05
2 7. 929E+02 276.0 9. 9T1E+02 4. 2E400 5.6E-05
3 7. 000E+02 271.0 8. 985E+02 2. TE+00 5.8E-05
4 6. 160E+02 266.0 8.077E+02 1. TE+00 6. 0E~05
5 5.410E+02 260.0 7.244E+02 1. OE+00 6.4E-05
6 4.730E+02 253.0 6. 519E+02 5.4E-01 7. 1E-05
7 4. 130E+02 246.0 5. 849E+02 2.9E-01 7.5E-05
8 3. 590E+02 239.0 5.231E+02 1. 3E-02 7.9E-05
] 3. 107E+02 232.0 4, 663E+0? 4.2E-02 1. 1E-04
10 2. 677E+02 225.0 4. 142E02 1.5E-02 1. 3E-04
11 2.300E+02  225.0 3.55915+02 9.4€-03 1.8E-04
12 1. 977E+02 225.0 3. 059E+02 6.0E-03 2. 1E-04
13 1. T00E+02 225.0 2. 650E+02 1. 8E-03 2.6E-04
14 1. 460E+02 225.0 2.260E+02 1. 0E-03 2.8E-04
15 1. 250E+02 225.0 1. 943E+02 7.6E-04 3.2E-04
16 1. 080E+02 225.90 1. 67T1E+02 6.4E-04 3.4E-04
17 9. 280E+01 225.0 1. 436E+02 5.6E~04 3.9E-04
18 7. 980E+01 225.0 1.235E+02 5.0E-04 4. 1E-04
19 6. 860E+01 225.0 1. 062E+02 4.5E-04 4. 1E-04
20 5. 830E+01 225.0 9. 128E+01 4.5E-04 3.9E-04
21 5. U70E+01 225.0 7.849E+401 5. 1E-04 3.6E-04
22 4. 360E+01 225.0 6.750E401 5. 1E-04 3.2E-04
23 3.750E+01 225.0 5. 805E+01 5.4E-04 3.UE-04
24 3.227E+01 226.0 4.963E+01 6. JE-04 2.8F-04
25 2.780E+01 228.0 4.247F+01 6.7TE-04 2.6E-04
30 1. 340E+01 235.0 1.97¢EH01 3.6E-04 1.4E-04
35 6. 610E+00 247.0 9.320E+00 1..1E-04 9.2E-05
40 3.400E+00  262.0 4.520E+00 4.3E-05 4. 1E-05
45  1L.BIOE+00  274.0 2314pw00 [ 1.98-05 1. 3E-05
50 9. 870E-01 277.0 1.240E+00 6.3E-06 4.3E-08
70 7.070E-02 216.0 1.137E-01 ) 1. 4E-07 8.6E-08
100 3. 000E-04 210.0 5. 000E-04 1. 0E-09 4.38-11

*Orizinal numbers have been corrected.
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TABLE 62. MODEL ATMOSPHERES USED AS A BASIS OF THE COMPUTATION
OF ATMOSPHERIC OPTICAL FROPERTIES. (Fromn McClatchey, et 21., 1972 [21].)

{Concludead)

{e) Subarctic Winter
Ht. Pressure Terap. Densi?' Water Vapor Ozone
(am) (mb) °K) (g/m3) (g/m3) (g/m3)

0 1. 013E+03 257.1 1. 372E+03 1. ZE+00 4, 1E-05
1 8. 878E+02 259. 1 1. 193E+03 1. 2E+00 4. 1E-05
2 7. 7715E+02 255.9 1. 058E+03 9.4E-01 4. 1E-05
3 6. T198E+02 252.17 9. 366E+02 6. 8E-01 4. 3E-05
1 5.932E+02 247.7 8. 339E+02 4.1E-01 4.5E-05
5 5. 158E+02 240.9 7.45TE+02 2.0F-01 4.7E-05
6 4.467F 02 234.1 6. 646E+02 9. 8E-02 4.9E-05
i 3. 853E+02 227.3 5. 904F+02 5.4E-02 7. 1E-05
8 3. 308E+02 220.6 5.226E+02 1. 1E-02 9. 0E-05
9 2. 829E+02 217.2 4.538E+02 8.4E-03 1.6F-04
10 2.418E+02 217.2 3. 879E+02 5.5E-03 2.4E-04
11 2. 0675402 217.2 3.315E+02 3.8E-03 3.2E-04
12 1. 766F+02 217.2 2. 834E+02 2.6E-03 4.3E-04
13 1. 510E+02 217.2 2. 422E+02 1. 8E£-03 4.7E-04
14 1. 291E+02 217.2 2. 071E+02 1. 0E-03 4.9E-04
15 1. 103E+02 217.2 1. T70E+02 7.6E-04 5.6E-04
16 9.431E+01 216.6 1. 517E+02 6.4E-04 6.2E-04
17 8.058E+01 216.0 1. 300E+02 5.6E-04 6.2E-04
18 6.882E+01  215.4 1. 113E+02 S.NE-C4 6.2E-04
19 5.875:4+01 214.8 9. 529E+01 4.9E-04 6.0E-04
20 5.014E+01 214.1 8. 155E+01 4.5E-04 5.6E-04
21 4.277E+01 213.6 6.976E+01 '5.1E-04  5.1E-04
22 3. 647E+31 213.0 5.966E+01 5. 1E-04 4.7E-04
23 3. 109E+01  212.4 5. 100E+01 5.4E-04 4. 3E-04
24 2. 649E+01 211.8 4. 358E+01 6.0E-04 3.6E-04
25 2.25CE+01 211.2 3.722E+01 6.7E-04 3.2E-04
30 1. 020E+01 216.0 1. 645E+01 3.6E-04 1. SE-04
35 4.701E+00  222.2 7. 3G8E+00 1. 1E-04 9.2E-05
40 2.243E400  234.7 3. 330E+00 4. 3E-05 4. 1E-05
45 1. 113E:00  247.0 1. S68E+00 1. 9E-05 1. 3E-05
50 5.71$E-01 259.3 7.682E-01 6.3E-06 4.3E-06
70 4.016E-02 245.7 5.695E-02 1.42-07 8.6E-08
100 3. 0COE-04 240.0 5. 000E-04 1. 0E-09 4.3E-11

B R A CINER L L i
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FIGURE 129, MIXING RATIO OF WATER VAPOR AS DERIVED
FROM A 15-LAYER AND A I TAYER CALCULATION USING

TIHE 25 pm LINE GROUP I'C THE 22 FEBRUARY 1871 BALLOON |
FLIGHT. Tkte slash near 14 kw indicates the boundary between

two layers with similar mixing ratlo. The wixing ratio derived
from a 15-layer calculation using the 25 pza line group for the

29 Jane 1871 balloon fligkt {8 ghown by the dotted line. (Repro-

duced from Broc

S

23, et al., 1973 [ 319] .)
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uses only one (temperate-summer) profile (obtained from He~ing, [ 321] ) to fit all regiona:-
tempoural conditions. This is shown in Figure 130. The ERIM version cf tha Aggregate method
and the LOWTRAN method ure the tabulated values of the separate regional climates frora
Valley {i985). These arc shown as the cixth column in Table 62. Krueger [322] r.ports the
recults of rocket soundings made from latitudes 58°S to 64°N. These results are reproduced
in Figure 131, showing variabilities in the mcasurements,

10.3 SCATTERING CONSTITUEMNTS

10.3.1 EXTRATERRESTRIAL RADIATION

The major portion of the electromagnetic energy which arrives at the surface of Earth
originates from the sva; and, to a great extent ¢he solar radia*on is reaponsible for atmos-
phe.ic weather conditions. According to Drummond [ 323] , more than 99% of the solar radi-
ation is contained within the spectral band, 0.2 - 4.0 um. Current values of the solar constant
range from 1,365 X 106 mW/m? to 1.394 x 106 mW/m2. Early work was done at the surface
of Earth, and the rcsults were extrapolated to the top of the atmosphere, whereas current

investigations make use of high-altitude rockets ard satellites.

For our present work we are interested, not in the total irradiance at the top of the atmo-
sphere, but rather in the extraterrectrial solar spectral irradiance. Figure 132 shows this
spectral i radiance as interpreted by Pettit [ 324] . For more accurate spectral vaiues, one
should consult Gates [ 325] , Gast, et al. [326] and Thekaekara { 327] . The units of solar
ir radiance are mW/cmz-um.

For particles with size. much smiller than the size of the wavelergth of the radiation

impinging upon them, the incident field is nearly uniforia a.d, as a result, a dipole radiation
tield is produced. The scattering of this radiation is called Rayleigh scattering and was

321. W. 8. Hering and T, R. Borden, Ozone Observations Over North America, OAR Research
Report No. AFCAL-64 =30, Vol. 2, 1964,

322, A. J. Krucger, The Mean Ozone Distritution from Several Serles of Rocket Scundings
to 52 km Latitudes from 549G to 84CN, NASA Repnrt No. X-651-73-67, Goddard Space
Flight Center, Greenbelt, 14d., 1972,

323. A.J. Drummcend, Advances ta Geonhysics, H. E. Landsberg and J. Van Miegham (eds.),
Vol. 14, Academic Press, I\, Y., 1870, p. 25.

324. E. Pettll, Astrephysics, J. A, Hynek (ed.), McGraw-Hill, N. Y., 1051, p. 259,
325. D. M. Gatee, Science, Vol. 151, No. 3710, 1968, vp. 525-520.

326. P. R. Gast, A. Jursa, J. Castelli, 8. Basu and J. Aarous, Handhook of Lzaphysics and
8pace Environments, 8.L. Valley, ¢2., MzGraw-~Hill, New York, 1965, p. 16-1.

327. M. P. Thekackara and A, J. Drummond, "Standard Values for the Solar Const.at and
Ls 8pectral Components,” Nature Physleal Sclence, Vol. 279, 1971,
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FIGURE 131. AVERAGE AND EXTREME RANGE OF VERTI-
CAL OZONE DISTRIBUTION DATA. (Reproduccd from Krueger,
1973 [322].)
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attributed, by Lord Rayleigh, to the effect of molecules. We now know tha* this scattering
process 18 caused by density fluctuations in the atmosphere. For Rayleligh scattering, the
intensity of scattered radiation varies as a-4 (1+ cos2 8), where 8 is the angle of scattering,
Almost ten times as much radiation is scattered at the short visible wavelengths ihan is
scattered at the long visible wavelengths, This accounts for the blue sky.

Besides Rayleigh scattering, we can consider two other processes. One is Thomson
scattering, which is the scattering of radiation from unbound particles like free elestrons.
This type of scattering is independent of wavelength, Another important photon-scatiering
process is the strong resonance scattering which occurs because certain resonant frequeacies
of an atom or riolecule are excited. Refer also to the absorptive properties of atmospheric
coastitueats discussed in Section 4.

In all these scattering processes, the scattered radiation and the incident radiation have
the same wavelength; therefore, in the context of this report these processes are said to be
coherent, There are also incoherent processes, such as Raman scattering and Compton
scattering, in which the scattered photon has an energy different from that of the incident
photon. Complon scattering is important orly at high photon energies, and Raman scattering
is usually so weak that special ‘echniques must be used to investigate it, (Luminescence can
also be considered an incoherent scattering process, depending upon the lifetime of an excited
state.) However, we shall not consider incoherent scattering processes in this report,

10.3.2 AEROSOLS

Generally, we can define an aerosol as a dispersed solid os liquid particle suspended in
a gaseous medium, such as air. Tais definition includes hazes, clouds, mists, fogs, smokes,
smogs, and dusts. For haze, clouds, and fogs, one usually assumes that the particles are
composed of water in either the liquid or solid (ice) pﬁase. Smokes, smogs, and dusts can
consist of a variety of particulate mrtter, including metallic substances.

The study of aerosols is complicated by the dynamics of the atmosphere, A variety of
sources exist; the partisles are carried by the wind, coagulate, evaporate, condense, prccipi-
tate and are dispersed world-wide, The primary natural sources are: (1) dust rigse by wind;

(2) sea spray; (3) extraterrestrial material; and (4) dust from volcanoes and fires. In additicn,
there are secondary sources such as the emission of hydrocarbon vapors from conifers which
react photochemically to produce the blue hazes seen over forests, Anthropogenic sources
include smcke {rom stationary sources and motor vehicles. Table 63 from Hidy and Brock
[828] illusti ates the major sources of aerosols. It is inleresting to note that the anthropogenic
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TABLE 63. SOMF. IMPORTANT SOURCES OF ATMOSPHERIC AEROSOLS. Production
Rate in Tons Day'1 on a Worldwide Basis. (From Hidy and Brock, 1971 [328].)

(a) Naturat
Estimated Max, & Estimated Max.
production by wt. of production by wt. of
Source rate total fource i rate total
1. Primary § .5 2. Secondary
Dust Rine by Wind 2 x 101-10 9.5 Vegetation 5 x 102- 28,
. . 06 (hydrocarbons- 3x 10
Sea Spray 3x10 28, terpenes)
Extraterrestrial  50-550 5 108
Sulfur Cycle _ 102-10 9.3
(meteoritic dust) ) (oxidation of
Volcanic Dust 10 0.09 Ha8—80427)
(intermittent) ; Nitrogen Cycle
Forest Fires 4x%x10 3.8 Ammonia X 105 8.5
(intermittent) NOy—NOQj3 106 8.3
Volcanoes (volatiles,  ~103 0.009
809 and HgS) — inter-
ml?tent
Sub-totul 10.1 x 106 94,

(b) Anthropogenic

Estimated Max, &,
Production by wt. of
Source rate total
1. Primary 5
Combnstion and industrial 1-3x 10 2.8
Dust rise by cultivation (inter- 102-103 0,009
mittent) (U.S. only)
2. Secondary g
Hydrocarbon vapors (incomplete 7% 10 0.065
combustion, etc.
Sulfates (oxidation of SO and 3x 105 2.8
HyS)
Nitrates (oxidation of NOx) 6 x 104 0.56
Ammonia 3x 103 0.028
Sub-total anthropogenic 6.7x 10° 7.1 -69
Total: All sources 107 x 1P tens day"1

328, G. M. Hidy and J. R. Brock, An Asseasment of the Global Sources of Tropospheric
Aerosols, Procee:lings of the 2nd International Clean Air Congress, H. M. Englund and
W. T. Beerg (eds ), 1971, pp. 1088-~1037.
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contribution is about 6 or 79 of the total, Nevertheless, there could be an amplification effect;
i.e., a small aerosol input to the atmosphere could result in a large change in the climate.
Man's impact on the global climate is a problem which has not yet been resolved.

Rozenburg [ 329] considers the optical weather of the atmosphere to be divided into five
classes: (1) haze, resulting from dust clouds, smoke from forest fires and commercial objects,
and products of volcanic activity; (2) mist, which results from the growth of very small particles
called Aitken nuclei; (3) misty fog, a product of the condensation of moisture on larger particles;
(4) fogs and clouds, produced in the condensation state in the atmosphere; and (5) mist with

drizzle, a heterogeneous formation, resulting from mist penetrated by drizzle.

The composition of particles can range from ure water to strongly absorbing soot-like
particles composed of phosphates, sulfates, iron, and other compounds. Most important from
an optical point of view, however, is the refractive index of the particles. Deirmendjian [ 330],
Lukes [ 331] , and Kondratyev, et al. [ 332] have compiled data on water, soot, and ammonium

sulfate, with the index of refraction represented by:
m(\) = n(1) - ik()) (407)

where n()) is the real part and k(1) is the imaginary part. These are presented in Figure 123,
As one can see from the data there is a wide range of values which in turn can lead to large

differences in the optics of the atmosphere.

If one considers condensation processes, the variability in the optical properties of the
atmosphere is extreme. As an example, the scattering coefficient of air in the visible region
of the gpectrum varies from 10" 2km-! for very light haze conditions to 10%m-1 for extremely
dense fogs. Because the optical properties of an aerosol particle depend on the size of that
particle, it is important to consider the range in particle sizes. Junge [333] separates the
particles into three regions as given in Table 64. The Aitken nuclei are belleved to originate

329, G. V. Rozerburg, Optical Invcstigations of Atmospheric Aerosol, Soviet Physics Uspekhi,
Vol. 11, No. 3, 1968, pp. 355-380,

330. D. Deirmendjian, Electromagnetic Scattering on Spherlcal Polydispersions, American
Elsevler Publishing Company, New York, 1969.

331. G. D. Lukes, Optical Constants of Water Particulates for Wavelengths in the Visible
and Infrarcd, Particulate Models: Thelr Validity and Apglicatinus, 1. H. Blifford, Jr.
(ed.), Report No. NCAR-TN/PROG <8, Boulder, Colo., 1971.

332. X. Ya. Kondratyev, O. B. Vasllyev, L. 8. Ivlev, G. A. Nikolsky aund O. 1. Smoktz, Influ-
ence of Aerosol on Radlative Tranider; Possible Climatic Congequences, University
of Leningrad, 1973.

J33. C. E. Jurge, Alr Chemistry and Radloactivity, Academic Press, N. Y., 1953.
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TABLE 64. SIZE DISTRIBUTION OF AEROSOL
PARTICLES. (From Junge, 1963 [333].)

Particle
Radius
Range (cm)
Aitken Nuclel 10-7-107%
Large Particles 1079- 104
Glant Particles >107%
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from forest fires, volcanoes, and man-made scurces. The concentration of these particles is
about 10 to 100 times greater over the continents than over the oceans. Since thelr radii are
much less than the wavelengths in the visible region of the spectrum, these particles do not
seriously affect atmospheric visibility.

Condensation nuclel fall in the large-particle regicn and, since they are the nuclei activated
during the formation of waier droplets or fogs, they are important for visibinty considerations.
These nuclei, which constitute the bulk of the large continental aerosols, coutain a wide range
of chemical compounds, such as NHZ, Na+, Mg“, 80;-, NO:;, and N();. Aerosols near coastal
regions or over the ocean have a different distribution of particle sizes, having more giant
partlc]es than the continental aerosols have. Moyers and Duce (1972a) coltected air samples
in a marine atmosphere shoving a concentration of gaseous iocine frem 5 to 20 mg/m .
Particulate samples were collected in the rat’o of 1:(2 to 4) compared with gaseous iodine.
Gaseous bromine concentrations (Moyers a.u Juce, 1972b) covered about 50 n.f/ms. Parti-
culate concentrations of bromine were in the ratio 1:(4 to 10) with 1 ~spect to gaseous bromine.

For the purposes of dealing with the optical properties of hazes, Delrmendjian (1969) has
represented hazes, fogs, clouds, rain, and bail by simple dist-ibution functions, He considers

a modified gamma distribution given by

N(r) ar® exp (-br”) (408)
0sr <o

The four constants, a, &, b, and v, are positive and real but are not independent of each other.
For example, by integrating Fq. (408) over r, the radlus of the particles, we get the total
particle number density D.

0
D=af ro exp (- -br’ )dr
0 (409)
1,-(5+1)/y (6 +1
b I‘( ¥ )

Hence, the constant, 1, can be given i terms of D. Also, by differentiating Eq. (408) with

respect to r, one can find the maximum of the distribution, Thus

[ (410)
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where r c is the mode radius of the distribution function,

Deirmendjian (1969) has conrsidered essentially three haze models, each of which is des-
cribed by the function (4081 with cifferent values of the constants in each case. Hacze M is
used to describe marine or coast*al hazes; haze L is used to represent a continental-type
aerosol; and, haze H is used to represent a high-level or stratospheric aerosol. These three
distributions are illustrated in Figure 134, Junge's (1972) survey presents evidence "that the
troposphere over the oceans is filled with a fairly uniform background aerosol on which the
sea spray aerosol is superimposed only within the lowest kilometers above the sza surface.”
Figure 135, reproduced from Junge's article shows 2 summary of size distribution measure-
ments over the Narth Atlantic. Figure 136, also reproduced from Junge (1872) includes data
similar to that in Figure 135, but showiag a differentiation between conditions witk and without
Sahara dust, Figure 137, reproduced {rom the same article shows a compilation of the
undisturbed marine aerosols. The variou. features of the curves are explained in the caption

as described by Junge.

10.3.3 SCATTERING PARAMETERS

The determination of the absorbing and scattering properties of even simple aerosol
particles, such as spherical water droplets, is a rather involv:d procedure. Considering
standard electromagnetic theory, one can find the scattering, absorption, and total extinction
cross sections in terms of the wavelength of the radiation and the size and index of refraction
of the particle. These are given by

o (r) = nr%Q s=.2._2_ Z’ (2t +1)([a |a |2 +[v,l?) ‘ (411)
=t

oa(r) = ot(r) - os(r) » (412)

a,r) = uert L 2ox? L(,.f +1)Re(a, +b,) (413)

where the parameters a ) and b g are given in terms of Ricatti-Bessel functions, and the param-
eter x = 25 r/\. The details of the dependence of these cross sections on the index of refraction,
particle size, and structure is beyond the scope of this report. Excellent treatments of this
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FIGURE 134. HAZE-TYPE DISTRIBUTION FUNCTIONS.

The units for the radizs r and for the unit volume in N(r)
depend on the particular model. (Reproduced from
Deirmendjian, 1969 [ 330].)
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FIGURE 135. SUMMARY OF SIZE DISTRI-
BUTION MEASUREMENTS OVER THE
NORTH ATLANTIC. s'rhe full curve for radii
smaller than 2 x 10™* cm was obtained by a
combination of a phntographic nuclei counter,
diffusion boxes, and electrical denuders. The
dashed line is obtained by 2 five-compcnent,
double stage impactor. The line above 3 x
10-9 c¢m is a combination of measurements
by an optical counter (Royco) and by micro-
scopic evaluation from & nozzle and a free

wing impactor.

adii are given in centi-

meters (1 o = 10°% cm), and the concentration

density ig given in particles per cubic cen-
timeter and per unit log radius. (Reproduced

from Junge, 1972 [ 284} .)
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FIGURe 136. SOME OF Td% DATA FROM
FIGURE 135, BUT SEPARATED INTO DAYS
WITH AND WITHOUT SAHARA DUST TO
DEMONSTRATE T!IE DISTRIBUTION OF
THE MINERAL DUST COMPONENT. Curve
(x) is the average distribution ' »r all data
of the soluble fraction (sea salt,. Curves
(b1), (c1) and (by), (cq; represent the insolu-
ble particles for days with and without Sahara
dust. Curves (dj)and (d2) arc distributions
from the Royco counter and are also for
days with arnd without Sahara dust. The
€ahara dust héls a range {n radius siz¢ from
about 3 x 10°° to 2 x 10"~ ¢m. Curve (e)
is the same as that in Figure 135 for com-
parison. (Reproduced from Junge, 1972 [ 284] .)
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FIGURE 137. IDEALIZED DIAGRAM OF
THE VARIOUS COMPONENTS OF THE
UNDISTURBED MARINE AEROSOL. The
diagram combines the information from
several sources and tries to represent
the present status of our knowledge, -
Below line {a) is the sea spray component
separated by line (b) into film and jet
particles. Line (b) is very uncertain
anG tries to demonstrate the fact that
there is considerable overlapping of the
two production mechanisms. Between
line (¢) and line (a) is the background
aerosol, some part of which at least is
of continental origin. Above about10-4
cm the aerosol consists of about 15,
of insoluble pa.ti~les (at least over the
Atlantic). Below 10-4 c¢m it consists
most likely of sulfate, perhaps (NH4)2504.
Between lines (c) and (d) there is some
indicaticn ~f a component, which if con-
firmed may represent a steady-state
distribution due to continuous production
of very small particles. In air masses
origiraiing in Sahara dust storms the
additional dust component is represented
by line (e). All curves below abou* 10-4
cm are broken because they are rather
uncertain. (Reproduced from Junge,

1972 [ 284] .)
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work are given by Stratlon | 334], van de Hulst [ 335], and Kerker | 336] .

One can find the angular properties of the scattering cross section by utilizing the dimension-

less single-scattering phase function:
. 2 . .2
ple, ¢) = lz(t')cos ¢+ 11(0 )sin“¢ (414)

where il(U) and 12(0) ave given in terms of Bessel functions. The integral of the phase function

(414) over all space is related to tiie scattering cruss section by:

N 2
cs(r)=(§—;) fp(H.q&)sin #dodo (415)
4x

The angular properties of the scattering functions involve lengthy calculations, but they
have been carried out for a great variety of cases. A cunsiderable amount of work has been
done by Gumprecht and Sliepcevich [ 337] ard by Denman, et al. [ 338] .

For hazes, clouds, and fogs, we have a polydispersion of water droplets. Therefore, in
order to find the scattering,absorption, and extinction coefficients, it is necessary to integrate

over the particle size distribution: that is,

o0

k':1 = foa(r)N(r)dr (416)
0

k's = fc's(r)N(r)dr (417)

0

o0

k' = Jlat(r)N(r)dr (418)
0

334. J. A. Stratton, Electromagnrctic Theory, McGraw-Hill, N, Y., 1841,
335. H. C. Van de Hulst, Light Scattering by Small Particles, John Wiley and Suns, N. Y.,
1£37.

336. M. Kerker, The Scatteriag of Light and Other Electromagnetic Radlation, Academic
Preas, N. Y., 1969,

337. R. O. Gumprecht and C. M. Sliepcevich, Tables of Light -Scattering Functions for
Spherical Particles, University of Michigan, Arn Arbor, 1951,

338. H. H. Denman, W, Heller and W. J. Pangonis, Angular Scattering Functions for Spheres,
Wayne State University Press, Detroit, 1966.
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where k'a, k'S and k' are the volume absorption, scatterirg, and extinction coefficients,
respectively.* The dimensions of k'a, k's and k' are reciprocal lengths. Absorption in the
visible region of the spectrum is generally small, and k;'l is only significant in the ultraviolet
and infrared. The spectral dependence of the scattering cross-section os(r) is not as great

as that for Rayleigh scattering. Thus

o (Rayleigh) ~ a4 ' (419)

-1.3

o (Aerosols) ~ A (420)

From Eq.(420), it is clear that a thin haze will appear only slightly blue,

Knowing the number density of molecules in the atmosphere or the number density of
statistical fluc.uations, one can find the corresponding absorption, scattering, and extinction
coefficients for Rayleigh scattering from Eqs. (416), (417) and (418). Likewise, one can also

find the coefficients k'a, k's, and k' fcr aerosol scattering. Therefore

k', =k +k' . (421)
“Rayleigh Aerosol

8 sRayleigh SAerosol

L - L] )
k' =k Rayleigh * K Aerosol (423)
For an atmosphere, the number density of particles decreases with increasing altitude,
and it is conveaient to define a quantity which is a measure of the amount of extinction. This

quantity is the optical depth and is defined as (see Section 2.3):

o0

q= f -K'(z)dz (424)
h

where h is some specific altitude and z is a variable altitude. The optical depth of the entire

atmosphere for a given atmospheric density profile is then

ay =f-k'(z)dz (425)
0

* All quantities are specteal, vnless otherwise stated.
454
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If the particle size distribution function is independent of heizht, then

k'(z) = crtN(z) (426,
and
w
a=o, [ N(z)dz (427)
h

Thus, we see that q = 0 at the top of the atmosphere, and q = 9, at the bottom surface,

As illustrated in Figure 138, the scattering of radiation from aerosols is quite different
from that caused by density fluctuations (Rayleigh scattering) in the atmosphere, For com-
parison, the angular distributions resulting icom Rayleigh, aerosol, and isotropic scattering
are shown. Firure 139 shows the anguiar distribution of radiation scattered by a haze for
different wavelengths and, for comparison, the Rayleigh function at 0.45 um. The aerosol
and Rayleigh curves in Figure 139 are normalized t» different values and are not directly
comparable.

For radiative-transter calculations, it would be convenient to have a simple analytical
cxpression describirg the phase function. One such function is the Henyey-Greenstein phase

function, defined as

1-¢
plcos 8) = (422)
(1+ gz ~ 2g cos 0)3/72

where g is the average value of the cosine of the cattering angle 6. Perhans a more des-
criptive parameter is the anisotropy parameter 17, the fraction of radiation scattered into a

forward hemisphere. Thus

g

7l 2
2]
0= d(cos 6 Jd¢ (429)
4"001+g-2gcose)r

Figure 140 shows the Henyey-Greenstein phase function tfor various values of 7, and Figure
141 shows a comparison between the Henyey-Greenstein phace function and a more realistic
one by Deirmendjian. For typical haze-type aerosols in the visihle reglon, the value of 7 is
approximately 0.95 (i.e., 95¢% of the radiation is scattered into the forward hemisphere.)
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Isotropic and Rayleigh Functfons
are Maultiplied by Ten

30° 60° g0¢ 1290
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7/
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L Water Aerosol.,
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l I Direction
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FIGURE 138. ANGULAR DEPENDENCE OF SINGLE-SCATTERING PHASE
FUNCTIONS IN ANY AZIMUTHAL PLANE
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FIGURE 140. HENYEY-GREENSTEIN PHASE FUNCTION FOR
DIFFERENT VALUES OF THiZ ANISOTROPY PARAMETER 17
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459



A iy b
3 TAIE e

V-

ja;
£
H
'(r/i,
b

VB e ar oy

e = e T e

oo s o

D ERl

FORMERLY WILLOW RUN LABORATORIES, THE UNIVERSITY OF HICHIGAN

10.3.4 VISIBILITY

In a parametric study of remote sensing techniques in the Earth's atmosphere, we should
include effects of atmospheric variability. We are priniarily interested in the variations of
scattering properties in terms of short-term atmospheric conditions. The long-term, i.e.,
seasonal, variation is summarized quite well by Rcbinson [ 338} .

One parameter which can be used for the description of the state of ti.> atmosphere is the
visual range, or visibility. In 1924, Koschmieder [ 340] assumed that the limiting ~ontrast
between objects in daylight was 0.02 in order for the objects to be just barely vis‘ble. Never-
theless, today it is quite conventional to use h s value, and we refer to his limiting contrast
as transmittance. Using this value, we find that a unique relationship exists between the
extinction coefficient ¥ and visibility, V. According to Koschmieder's definition, we have

3.91

V= % (430)

which is shown in Figure 142,

It has been thought that dust particles emanating from volcanic eruptions significantly
affect the transmission of solar radiation. New aerosol-density profile data from the well
documented eruption of Agung, on Bali, have been analyzed and are used by Elterman [ 341]
to determine a current, universal, optical depth-altiiude relationship for wavelengths in the
range of 0,27 um to 4.0 um. We use this relationship in our computations., Rased on measure-
ments by Curcio, Knestrick, and Cosden [ 342] , Elterman | 343] has developed formulas for
the extinction coefficient as a function of visual range and wavelength. Using aerosol-density
scale heights, he further determined an optical depth-altitudne volatiznzLi, for Waveicngins 1n
the range 0.27 um to 2.17 um, with wavelengths seleciédrlr;'trhe infrared region to correspond
to windows, or regions where the transmission is large. This was done for a family of visual
ranges from 2 km to 13 km. A three-dimensional plot of this relationship is shown, for a
wavelength of 0.55 um in Figure 143, We make use of these parameters in a detailed

339. N. Robinson, Solar Radiation, American Elsevier Publighing Company, N. Y., 1966.
340. H. Koschmieder, Beitr. Phys. freien Atm., Vol. 12, 1824, pp. 33-53; 171-181,

341. L. Elterman, UV, Visible, and IR Attenuation for Altitudes to 50 km, Report No, AFCRL~-
68-0153, Alr Force Cambridge Research i aboratories, Bedford, Mass., 1968.

342. J.S. Curcio, G. L. Knestrick and T. H. Ccsden, Atmospheric Scattering in the Visible

and Infrared, Report No. §567, U. S, Naval Research Laboratory, Washiugton, D. C.,
1961.

343. L. Elterman, Vertical Attenuatinn Mcdel with Eight Surface Meteorological Ranges 2 to
13 K'lometers, Report No. AFCRL-70-0200, Air Force Cambridge Research Labora-
tories, Pedford, Mass., 1970.
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FIGURE 143, OPTICAL DEPTH VERSUS VISUAL RANGE AND ALTITUDE
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analysis of radiative transfer in the atmosphere. We use a horizontal, sea-level, visual
range. This range may also be the same for & diiferent atmospheric aerosol-density profile.
The profile used by Elterman is an exponential one; that is, the aerosol number density
decreases exponentially with increases tn altitudes. For additional information concerning
the optical properties of the atmosphere, consult Rozenburg (1968), Kondratyev (1969),
Robinson (1966), and Middleton [ 344] .

10.3.5 PARTICLE DISTRIBUTION TO SUPPLEMENT ABSORPTICN
BAND MODEL CALCULATIONS IN THE IR SPECTRUM

Both of the generally available methods, Aggregate and LOWTRAN, use a simple extinc-
tion term to account for the usually small 2ffect of scattering in the infrared spectral region.
Each calls for particle densities and size disiribi’ions which have b2en adopted from some of
the extensive, basic work that has been done in scattering phenomena. Tke Aggregate method
uses a maritime haze model for water droplets (see Hamilion, 1973) with a size distribution
shown in Figure 144 (see also Rel.[ 345] and a pacticulate density distribaticn shuwn :n
Figure 145).

The LOWTRAN model considers two aerosol models describing a "clear" and "hazy"
atmosphere corresponding to visibilities of 23 and 5 km respectively at ground level. The
size distribution considered, as in the Aggregate method, to be the same for all altitudes,
is that suggested by Deirmendjian [346] for continental haze and shevn in Figure 146 with

the regions given by:

Nr(r) =C, - r'4 for 0.1 um <r < 10 um
N(r) = ¢, - 10 for 0.02 um < r < 0.1 pm (a31)
Nr(r) =Qforr <0.02andr > 10.0

where C1 = 8,83 x 10~4, The vertical distributior. of particle densities for the "clear"” and

*hazy" atmospheres are given in Table 85. The imaginary part of the refractive index of the
aerosols is considered to be zero below A = 0.6 ym, aad to inerease linearly from 0.6 to 2.0 uin.

344. W. E. K. Mlddletin, Vision Through the Atmoaghere, University of Torornto Press,
Toronto, 1952,

345. L. Elterman, "Parameters for Attenuation in the Atmosphzre Windows for Fifteen
Waveiengths,” Appl. Opt., Vol. 3, No. 8, 1964, p. 745.

346. D. Deirmendflizn, “Scattering and Polarization Properties of Folydisyersed Suspansions
with Partial Absorption,” Proc. hiwerdisciplinary Conf, on Electromagnctic Scattering,
Po*sdam, Pergamon Pr2:z, New York, 1863,
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D = 100 Particles/cm?

5.6 (See Eq. (408)
a1
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FIGURE 144, MARITIME PHAZE WATER
DROPLET DISTRIBUTION. (Reproduced
from Hamilton, et al., 1973 [18].)
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FIGURE, 145. AEROSOL NUMBER DENSITY VERSUS AL'TITUDE
(Rvprodeced from Hamilton, et al., 1973 [19].)
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TABLE 65. AERCSOL MODELS3: VERTICAL DISTRIBUTIONS FOR A "CLEAR" N
AND "HAZY" ATMOSPHERE. (From McClatchey, et al., 1972 [21].) T

Yery

PARTICLE DENSITY 3 *
D (PARTICLES PER cmY)
Altitude 27 km Visibility 5 km Visibility
(km) Clear Hazy
0 2. 828E+03 1. 378E+04
1 1.244E+03 5.030E+03
2 5.371E+02 1.844E+03
3 2.256E+02 6.731E+02
4 1. 192E+402 2.453E+02
5 8. 987E+G1 8.987E+4+01
6 6. 337E+01 6. 337E+01
7 5. 890E+01 5. 880E+01
8 6.069E+01 6. 069E+01
9 5.818E+01 5.8:8E+01
10 5. 675E+01 5. 675E+01
11 5.317E+01 5.317E+01
12 5. 585E+01 5.585E401
13 5. 156E+01 5. 156E+01
14 5. 048E+01 5. 048E+01
15 4. 7°4E+01 4. T44E401
16 4.511E+01 4.511E+01
17 4.458E+01 4.458E+01
18 4.314E+401 4.314E+01
19 3.634E+01 3. 634E+0}
20 2.667E+01 2.G667E+01
21 1. 833E+01 1. 933E+01
22 1.455E+401 1.455E+01
23 1. 113E+01 1. 113E+0¢
24 8. 826E+00 8. 826E+00
25 7.420E+00 7.429E4G0
30 2.238E+00 2.238E+00
35 5. 890E-01 S.890E-01
40 1. 550E-01 1.550E-01
45 4.082E-02 4. 082E-02
50 1. 078E-02 1.078E-02
70 5.550E-05 5.550E-05
100 1. 969E-C8 1. 969E-08
466
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The values in Table 65 are adjusted to match the Elterman (1968, 1970) coefficicnts at
0.55 um wavelength, The effective grouiid-level visible range is 23 km. The "hazy'" model
is the same as the "clear" model above 5 km, but increased exponentially below 5 km to
yield an effective visible range at ground level to 5 km,

There is always an aerosol component in the atmosphere, even on very clear days, but

the Rayleigh limit, with x = 5,162 x 10'2km‘1, corresponds to a horizontal visual range of

336 km. On the other hand, for large extinction coefficients such as those for a fog, the
visual range is only about 1.2 km, This haze-fog transition is shown in Figure 142,

467
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Appendix

EARTH CURVATURE AND REf'RACTION

For the calculation of atmospheric ahsorption, the eurth is su.r <! a1es considered as
being constructed of plane-parallel layers, as it usuafly ic for muitizle scattering; or asis
more often the case, it can be considered as macde vp ol conceatric layers, bounded by shells
which form concentric spheres with the curved (assumed circular) surface of the earth, The
first approxtmation in this model is to assume no refracticn, as is done in *he calculation
with the Aggregate method described in Section 7.4. This 1s a reasonable approximation
since refractive effects are of miror importance in most cases for which the accuracies are
of the order usually expected from band-model calculations; and of less importance than
the effect of curvature. A schematic of this type of model is shown in Figure 76 in Section 7.

n the LOWTRAN 2 model (see Section 7.5) refractive effects, which can be important for
large zenith angles, are considered. Consideration of rctraction is not difficult but it
requires an addition to the numerical pr'ocedure in the coninuter program which should be
explained. This description, which is slightly different from that giver for LOWTRAN, has
been given previously in the 1967 State-cf-the-Art report (Anding, 1967). The procedure
is straightforward and considers a spherical earth surrounded by a splierical atmosphere.

It is assumed that the atmosphere exists in spherical shelis, each shell being homogeneous.
Under this assumption the refractive index will be conatant throughcut a given shell,
changing abruptly ac one passes from one stell to the next, The slant path is defined by
the lowest point in the path Zl, the highest point in the path ZZ’ and the angle subtended by

Z1 and Z, at the earth's center (see Figure A-1).

2
The first anproximation to tlie true path is tne straight line joining Z1 and 22 (see Figure

A-2). The angle ¢ {s divided into N equal angular increments A¢l, Ad g1t v o Ad N’ where }

is determined from the equation

%2 %1 range
200 * 2000

N--max{

where Zl, 22 and range are expressed in meters. This method of incrementing the path
insures that a point be calculated at least every 200 m altitude, o is defined as the angle
between the line of sight and the radial line Ty Point b is the polnt where the line of sight
intersects the second radial ine I If a targent line tl is drawn through b which is normal
to Ty it I8 obvious that the angle 92 will be given by

491

i

T - BRI 1 AT st “h 4 J




e

FORMEALY WILLOW RUN LABOKATORIES, THE UNIVERSITY OF MICHIGAN

FIGURE A-1. PARAM-
ETERS DEFINING GEOM-
ETRY OF SLANT FATH
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FIGURE A-2. SCHEMATIC DIAGRAM OF ATMOSPHERIC REFRACTED PATH
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n, /R +2
2( e 2
8. = arc sin[— (—-——————) sine] (2
.2 nl_Re+Z1 1

when ny and n, are the refractive indexes of the lower shell and upper shell, resgectively
and R e is the radius of the earta.

To determine the refractive index of any given shell a simple version of the results «
Edlen [347] is used. This is given by:

6 0.459) P 0.34"
(n_-1)x10 =('I7.46 + = )— -p (43.49 - )
a x2 T HZO xz

where na = refractive index of air at temperature T and pressure P
A = wavelength in microns
T is in Kelvin
P is atmospheric pressure
pHZO is the partial prescure of HZO vapor in millibars

As was stated previously, the refractive jndex of a given shell is assumzd to be conrtant
throughout the shell. Also, for purposes of this czlculation it is assumed that the value ¢
for the i-th shell is the value calculaiod for the lowest altitude of the shell. LOW ~ *AN
assumes an average value for the shell.

The angle 92 in Eq. (A-1) defines a new line of sight which intersects the radia® line
point ¢. A tangent line tz is drawn normal to rg. Then the refracted angle 92' is given by
: Snell's law as before. This prozedure is continued until the path intersects the ra-ial linv
z passing through Z2 at point d. The altitude difference between Z2 and d is used to increai
the angle . The entire procedure is then repeated until the point d converges to Z2 witht
than 10 m. When the final refracted path is calculated, a range-altitude table is compiled

the ranyge is measured from the lowest point in the path,

LOWTRAN 2 has a thorough description of the procodure used in its program for diff
types of trajectories. The user is referred to Selby and McClatchey, (1872) for the doser,
which covers the cases delineated in Figure A-3 and specified as:

: Type 1: Horizontal path, for which earth curvature and refraction are neglected
: Type 2: Slant path between points at two different altitudes
Type 3: Slant path between a point in the atmosphere and spnce.

3A7. B. Edlen, "The Refractive Index of Alr," Metroiogia, Vol. %, No. 2, 1653, p. 71.
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Hi >

{a)

SHORT PATH

(&) (o)

FIGURE A-3. GEOMETRICAL PATH CONFIGURATIONS. (a) Horizontal patis

¢Type 1); (b) siant paths between two altitudes H1 and H2 (Type 2); and (c) clant

paths to space (Type 8). For downward looking paths whore HMIN < H2 < H1,

two trajectories are possible ag inclcated in (d) ard (e). (Reproduced from
Selby and McClatchey, 1972 [20] .)
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SYMBOLS
Section*
A Absorptance, Absorptivity
g A Constant (Quasi-Random)
A Area (cm?)
An Scattering parameters (Aggregate) 7
Ao Variable (Smith) 8
A1 Variable (Smith) 8
A1 Spectral parameters (Aggregate) 7
A2 Variahle (Gmith) 8
A2 Spectral parameters (Aggregate) 7
A3 Variable (Smith) 8
j A.'s Spectral parameters (Aggregate) ki
A4 Variable (Smith) 8
? A, Spectral parameters (Aggregate) "
: A5 Varlable (Smith) 8
‘{ AS Variable (Smith) 8
‘f; A(n) Spectral ahsorptance (Absorptivity)
3 AQy) Spectral absnrptance (Absorptivity)
E Ay Abscrptance (Absorptivity) over a band
j A Ay Absorptance (Absorptivity) over a band
2 Ai m Legendre polynomial expansion ccefficient 3
t Ay Legendre polynomial expansion coefficient 3
A ' Z Matrix 8
a Constant (Quasi-Random) 9
a(T - Tp) Variable (Ellingson) 7
| a Lorentz line modification constant 4
; a Argument for Gamma function 8
N a Rotational c¢onstant 4
a Slit width at half futensity (em )
; a, Least squares parameter (Zachor) 8
& i a, Least squares parameter (Zachor) 8
: 3 a'(T - TO) Variable (Ellingson) 7
3 .' a, Number density ratioc (LOWTRAN) 7
1 ; a, Number density ratio (LOWTRAN) 7
a, Scattcring parameter 10
g f *Section numbers are omitted for symbois used throughout the report.
L » . T : .
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Parameter (Smith)

Self-broadening coefficient

Scattering parameter (Aggregate)
Rotational energy level parameter
Band-model parameter (Gibson-Pierinigsi)
Band-model parameter (Gibson- Pierluissi)
Band-mode! parameter (Gibson-Pierluissi)
Breadth of strong lines (Benedict, et al.)
FRotational constant

Lorentz line modification constant
Constarnt {Guasi-random)

Maximum of particle distribution

Variable {Lilingson)

Mixed Lorentz-Doppler shape = fn2

n
Line-shape factor

Variable (Ellingson)

Absorption coeificient (Agsragate~-scattering)
Scattering coefficient (Aggregate-scattering)

Extinction coefficient (Aggregate-scattering)
Equivalent absorber amount for Hzo continuum (LOWTRAN) 7
Equivalent absorber amount for #,0 continuvm (LOWTRAN) 7
10

3
8
1
8
7
8
8
8
8
7
7
7
7
7
7

Scattering parameter

Coefficient in spherical harmonics method

Parameter (Smith)

Exponent (Ellingson)

Parameter (Zachor)

Spectral parameter (LOWTRAN;

Expansion coefficient (Smith)

Expans®on coefficient (Smith)

Expansica coefficient (Smith)

Expansion coefficient (Smith)

Coefficient (Ellingson)

Coefficient {(Eliingson)

Spectral coeffirient (Aggregate)

Speciral coofficient (Aggregate)

Spectral coefficient (Aggregate)

Spectral coelficient (Aggregate)
497

PP PRTT—

1
E—I;H(ul Y)

Section

8

=3 B D DD b

—
-3 O

-3 -3 -3 -3




H

3

QRIS R SASI SRS~y A St I 1 S A il

R AL S 6 s

5

112
‘é& = FORMERLY WILLOW RUN LABORATORIES, THE UNIVERRITY OF MICHIGAN
- Section
¢ Variable (D-ayson (=dw/dP) 6
c Fractional concentration of gases i
¢ Rotational constant 4
c Velocity of light (2.09793 x 102¥ em-sec™!)
c(r) Spectral parameter (Aggregate) 1
c, Parameter (Smith) 8
N Least squares parameter (Zachor) 8
<y Least squares parameter (Zachor) 8
D . Number density
D Step size (Kyle) 6
D, Particle density in i-th layer (Aggregate) 7
Dv Rotational energy level parameter 4
d Rotational constant 4
d Lorentz line modification coustant 4
d Line spacing (cm™}
d , Parameter (Smith) 8
E" Energy of lower state 7
EH Irradiance (solar, attenvated)
W Average ground state energy (Daniels) 7
EH(x) Exponential integral (Drayson) 6
E . Diffuse irradiance in vpward direction {Turcer) 3
E_ Diffuse irradiance in downward directicz {Turrer) 3
ﬁ_ Total downward irradiance (Turner) 3
E v} Rotational energy level 4
E0 Extra-ierrestrial solar irradiance
E, Spectral irradiance (waﬁ-cm'z-um-l)
E, Spectral irradiance [watt-cm™ 2-(cm™ 1)1}
e Rotational constant 4
F Fourier transform f slit function (Kunde and Maguire)
[=f(lu‘-u‘|,a)] 6
f Rotatiunal constant 4
y dL{x, v, 0, 1, ~]
t Bi-directional reflectance function = e y,(O, g’u,', ‘;i)“f 5
Gv Vibrational energy level 4
G:np Energy level, vibrational (unperturbed) 4
g Acceleration of gravity

e hanarr.

498




-
EGid
i FORMERLY WILLOW RUN LABOPATORIES. THE UNIVERSITY OF MiCHIGAN
i Section
g Subscript for grcund level (Drayson; 6
Average value cosine of th: scattering angle 6 10
899 Coefficient in energy level calculation 4
Eri Polynomial coefficient (Ellingson) 7
3 H Operator 3
i H Scale height (= £n P) 7
‘ H Line-widta factcr (Ellingson) 7
k H(u, y) Line-shape function (Kunde and Maguire) 6
Hv Rotational energy level parameter 4
. h Distance (vertical) {(cm, km)
h Planck’s constant (6.6252 x 10”4 watt sec?)
1 h Half width ratio (E'lingson) { = 2(ac; /e )] 7
3 hi Absorption-coefficient distribution function (Arking-Grossman) 6
. I Unit Operator 3
t‘i I(H, b) Line-shape function (Ellingson) 7
(6, 6, X) Specific intensity of reflected radiation (Invariant Bedding) 3
I0 Bessel Function
I1 Bessel Function
i Index
i Fxponent
J Rotational quantum number
¥ J Source furction 2
J" Lower vibrational state
1 j Index
g K Eddington field 3
v K nzo continuum broadening absorption coefficient 6
- K Weak-line parameter (Zachor) (= §/d) 8
F i K() Spectral coefficient (Aggregate) 7
“‘ ‘ Kf()\) Spectral coefficient fo. foreign broadening (Aggregate) -1
& K Coefticient (Scott) 6
( K,() Spectral coufficient for self-broadening (Apgregate} 7
‘ K,(A) Spectral coefficient (Aggregate) (= S/d) 7
¥ , K} () Spectra) coeffictent (Aggregate) [= (2na | ;)/d] 1
¥ j K,(0) Spectral coefficient (Aggregate) [= S/(ZnaLo)] 7
4 k Boltzmann's constant (1.38C42 X 10723 erg-K-l)
kc Foreign broadening }120 coatinuum coefficient (Ellingson) 7
k e Self-broadening HZO continuum coefficient (Ellingson) 1 1
g k Index j
8 499 !
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Extinction coefficient (mass) \’gzru-cm'z)'1
Index of refraction (imaginary part)
Extinction coefficient (volume) (cm'l)

Spectral coefficient for HZO continuum (Kunde and Maguire)
Spectral coefficient for H20 continuum) (Kunde and Maguire)

~bsorption coefficient (mass)(= k in pure absorption}
/ bsorption coefficient (volurae)
Scattering coefficient (volume)
Doppler line-broadening factor (= (S/aD) (In2/7)
Path length (cm)
P aivalent path length (cm)
" udenburg-Reiche function
wdiance (beam)
*ladiance (diffuse)
Radiance (downwelling) .

Radiance (surface, or ground) (= LGE + LGH + LGS)
Radiance (surface, emitted) '
Radiance (surface, diffusely-scattered)

Radiance (surface, solar-reflected)

Radiance (solar)

Radiance (colar, singly-scattered)

Radiance (intrinsic)

Radiance (path) {= L + L +

pss * U'pe * Lpms)

Radlance (path, emitted)

Radiance (path, multiply-scattered)

Radiance (paih, singly-scattered)

Sky radiance

Total radianze for downward locking observer (Turner)
Tladiance (vpweliing)

Radiance in upward direction (Schuster-Schwarzschild)
Radiance i1 downward direction (Schustzr-Schwarzschild)

2 1

Spectral radiance (watt~cm “-ster” -pmnl)

Spectral radiance (watt~cm™2-ster™ ! - [cm'I]'l)

hew/kT _ )1,

-1

Planck function (= Zczhvs(e

he/AkT _

Planck function 2c2m'5(e 179

Fourier trunsform of radiance
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Section

Average radiance over space (Ellingson) 3

Angular momentum quantum number 4
Number of lines in integration interval (Scott) 6
Path length (cm)

Index

Index (Daniels)
Ratio of half -width to mesh size (Scott)

Transition rate (Zachor)
Radiant 2xitance (watt-cm~

Kernel (maximum value) 3
1
)

%)

o
By

Molecular weight (gm-mole”

TR

mixing ratio

Pressure ratio (Aggregate) 7
Ratio of partial pres ure of absorber to total nressure (Aggregate)?7
Moment 3

Moment
Radiant Exitance {caused by reflection) ) 2

2T 2 222X
2‘24"“-'5

*»

Radiant Exitance (Planckia-} (= 7 L*) (w/cm'z)
Exponent

Index

Number of lines (KKunde and Mzaguire)

P, Q or R branch index

m(A) Index of refraction (complex)

Mass density ratio (LOWTRAN)

m Effective slant paih (LOWTRAN)

m, Exponent (Smith)

N Number of atmospheric layers (Drayson)
N

N

5 8 8B 8 %

T

Number (cf lines in a spectral interval)
Number of integraticn points (Scott)
N{(r) Particle eize distribution
N Number of lines (Smith) 8
n Exponent
n Index
n Parameter (Zachor)
n(zh) Number of representation points (Scott)

DB O -3 =2

n{r)} Index of rafractinn (real part)
n Number of lines (Quasi-Random) 1
P Pressure (atmospheres, mm Hg, mtar, etc.)
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P Curtis-Godson equivzlent broxdening pressure (Aggregate) 1
-: P Mean pressure (Ellingson) 7
3 P Curtis-Godson equivalent pressure 5
P(s) Probability distribution function (line strength) 5
Pe Effeciive {equivalent) broad=ning pressure
PN Legendre polynomial
§e Py Polyromial {Drayson) 6
P; Effective pressure for foreign gas broadening (N2 continuum)
(Aggregate) 7
: P; Effective pressure for self-broadening (N2 continuum) (Aggregate)7
Py Legendre polynomial
P;“ Associated Legendre polynumial
| P Average pressure {Aggregate) [= (Py/wh;1 [= (Py/whw,] 7
< F0, x) Incomplete gamma function
o ?' p Partial pressu-e of absorbin,, gas
P Fhase function, single-scattering
Q Intrinsic emission
Qext Extinction efficiency factor
Qs Scatterine efficiency factor
q Intrinsic emission ©
a Optical path (depth, thickness) | = I -k'(z)dz 2
h
4 Least squares parameter (Zachor) 8
q12 Least squares parameter (Zachor) 8
ayq Leasi squares parameter {Zachor) 8
R Distance (total path) (cm) 7
R Residual term (Smith) 8
RE Earth radius
r Index
) : r Number of atmospheric layers (Scott) 6
r Radius vector
1 r Particle radius
r Diffusivity factor (Elsasser) (= 1.667) T .
' T Mode radius of distribution function 10 -
n S Line strength (gm-l-cm) [cm'1 (atm-cm)'l] {cm-1 (mol cm-z)'l] ,
5 s® Line strength per unit pressure
E 502
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i ‘ "Section
; S0 Line strength under standard co.n;iitions
e SE Parameter, exponential tailed S ° random model 5
‘ sij T) Average line strength (Daniels) ’ i
s Distance (slant, variable)
s Parameter, Elsasser Model (= 27v/d)
T Temperature (Kelvins)
TO Standard temperature (usually ~ 273.16 K)
'.'l“g Ground temperature 6
;fi Average temperature
'I‘h Temperature for homogeneous path (Aggregate)
Tb Temperature at which band model parameters are deliued
- t Variable 5
é. t Tangent vector
" u Doppler-Lorentz (Voigt) line broadening factcr [: (a L/aD) (fn 2)1/2:,
\4 Visibility (Koschmieder) 10
E vy Vibrational quznium numbes 4
v w Equivalent widu,
: ’ w° Equivalent width per unit pressure
2 w Variable (Smith) 8
E : Wi Weights for integration (Scott) 6
wij(CG) Curtis-Godson effective absorber amount (Daniels) 7
; W' Weights (Gaussian Quadrature) 6
' w Absorber amount
v Adjusted absorber amonunt (Aggregate) 7
Wy Adjusted absorber amount (Aggregate) 7
w' Absorber amount per km (LOWTRAN) 7
w* Equivalent amount of absorber (Aggregate) 7
w* Equivalent amount of absorber (LOWTRAN) 7
We E(fective absorber amount, foreign b1oadening Nz continuum 1
(Aggregate)
" Christoffel Numbers
Wy Equivalent absorber amount (Aggregate) 7
. Wi Weights for integration (Scott)
wg Equivalent absorber amount (Aggregate)
w Scaled absorber amount 5
3 X Variable {Smith) {= #n{w(273 K/T]}
Ev | x Variable (general)

: 503
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Tﬁ Section
x Variable (Quasi-Randcm) (= £n P) 7
X Variable (Gibson-Pizrluissi) 8
x Thickness of slab 3
x Particle size parameter (= 27r/A) 10
X Distance (horizontal) (cm, kin)

’ xij Coefiicient in energy level calculation 4
: Xy Abscissae (Gaussian quadrature) 6
&3 Y Parameter (Elsasser; (= S/ sinh 3) 5

Y Variable (Smith) [¢n (P/10° mb)] 8
y Distance (horizontal) {cm, km)
y Variable (Quasi-Random) (= £n w) 7
y Variable (Gibson-Pierluissi) 8
y Doppler line broadening variable [: (v - vo/aD)(l n 2)1/2] ' 4
v Variable (Quasi-Random [= v, - v =(1/20)] 7
yi)k Cocfficient in energy level calculation - 4
Z Vertical distance
z Variable (Smith) (fn (T/273 K)] 8
zZ, Gaussian nodes (Ellingson) 7
z Variable (Gibson-Pierluissi) 8
z Distance (vertical) (em, km) 2
z Variable (Quasi-Random) (= v - vo - 1/28) 7
z Gaussian ncles (E_lllngson) 1
Zp Top of the atmosphere (Ellingson) 7
o Angle Appendix
ap Doppler line half width (cm” )
a ]') Pseudo Doppler half-width (Daniels)
& Effective half width
aij(CG) Curtis-Godson half width (Daniels)
a, Loreniz line Yalf width (cm™*)
;0 Lorentz half width under standard conditions
“:.o Lorentz half-width at standard pressure, per unit pressure

(= 0y o/Py)
ey c Characteristic Lorentz half width (Arking&Grossman) (= aL/d) 6
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E« Section
o Matrix element 3
] Band-model parameter (= 27a . /d)
g% Band-model parameter (= 27 aLo/d) 8
¥ 3, Variable (Smith) { 2
3- g’ Band-model parameter (Quasi-Random) \= 2a D(l n 2) /6)
Bm+1 Mairix element 3
2 ' Band-model parameter (= &v/ZmL)
3 4 Delta tunction
I? o Exponent
) Distance from line center (Kunde and Maguire) 6
5 r Subinterval (Quasi-Random) 7
6; Shifted interval (Quasi-Random) 7
E 6;‘ Unshift~d interval (Quasi-Random) 7
- A Layer thickness 2
k A Displacement fiom Line center (Kyle) 6
. € Emissivity
€ Radiance, path rate of change 2
€ Variable (Quasi-Random) (= 22/3) 7
€M Wing contribution calculation (Quasi-Random) K
€M) Emissivity of cloud (Aggregate) 7
cs()«) Emissivity of source (Aggregate) 7
n Radiation scattered into forward hemisphere {Turner) 3
n Anisotropy paraineter 10
n Exponent
n Variable (Quasi-Random) (= 2y/8) 7
- Thx
»T) Weighting function (Ellingson) 7
¢. Direction, azimuth angle
I'(a) Gamma function
: y Variable (Zachor) (= Sw/d) e
¥y Exponent
7'(x, 8) Spor:taneous-emission-coefficient
: »"'(A, 8) Stimulated-emissinn-cuefficient
r : x(T) Weighting function (E!lingson)
X Parameter (Smith)
r,,c 505
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Section

Wavelength (in micrometers) (= 1/v)}
Direction (= cos 6) 2
Frequency (wavenumber) (reciprocal centimeters) (= 1/x)
Center of *inal interval (Quasi-Random)
Center of starting interval (Quasi-Random)

-]
Center frequency (cm °)
Center of the slit width

Representation step (Scott)

D D b =3 -3

Solid angle (steradians)

Coefficient in energy level calculation

Single scattering albedo

Surface albedo 2
Target reflectance

Density (mass) (gms/cma) 4
Variable {Quasi-Random) (= 2aL/5)

Background albedo

Absorption cross section

Scattering cross section

Total extinction cross section

Transmittance

Average transmittance

Fourier transform of transmittance funciinn (Kunde and Maguire) ¢
Approximation to actual tranemittance

Transmittance with scattering (Aggregate)

Strong-lin2 trzrsriittance (Zachor)

Continuum Transmittance (Ellingson)

Angle Appendix
Zenitn angle )

Angiz of scattering 10
Direction, eievation angle 2
Theta function (Kyle) 6
Variable (Smith) 8
Lorentz line parameter (Quasi-Random) (= SiW/mL) 7
Doppler line parameter (Quasl-Random)[: (Siw/aD)(f n 2/1!)1/2] 7
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