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I. INTRODUCTION

The spectrum of the source must be considered when ritempting to
correct observations of a source for the effects of absorption by the atm- -
sphere between the source and the sensor. Computer programs capable
of calculating transmittance and radiance over an inhomogeneous path at
a spectral resolution fine enough to include individual line shapes have been
developed to quantitatively study these source-dependent transmittance
effects. Because these computer programs are applicable to a wide variety
of additional problems involving radiation transport, their basis and use
will be described in some detail. This will be followed by a presentation
of results computed with the programs applied to the specific problem of

quantitatively estimating the effect that the source spectrum can have on

atmospheric transmittance corrections applicable to measurements from a

sensor with spectral bandwidth greater than a single spectral line width.

The basic problem to which these programs have been applied in the
present study is summarized in Fig. 1. A target with radiance Lt is viewed
by a sensor through an atmospheric path. The idealized sensor indicates
accurately the apparent radiance La arriving at its entrance aperture. A
common objective of such measurements is to infer information about the

source radiance from the observed apparent radiance. To achieve this

AT AT T

objective, corrections for the effects of the intervening atmosphere must
usually be made. The magnitude of these corrections depends on atmo-
spheric conditions along the path from source to5 sensor ani the spectral

interval over which the sensor operates. Since most real sensors do not

have a spectral resolution adequate to separate individual lines in the
apparent radiance spectrum, these atmospheric corrections will also depend
on the source spectrum and the spectral resolution of the sensor. In the
infrared, these source-dependent factors can be particularly significant in

cases where the source emissicn is due to hot carbon dioxide and water

Preceding page blank
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vapor, since these same gases are also responsible for the absorption of

radiation by the atmosphere. Of course, radiation can occur from sources

other than hot gases and be Prevented from reaching the sensor by atmo-

spheric processes other than molecular absorption. Some of these other
Processes are listed in Fig. 1, but they are not considered in detail in the
Present study since they are not expected to lead to significant source-
dependent atmospheric transmittance corrections. The objects of the studies
reported here are to: (a) demonstrate the magnitude of the dependence of
atmospheric transmittance corrections on the source spectrum, (b) provide
a means of computing these effects, (c) test and demonstratz the use of
computer programs for the computation of high resoluticn transmittance

and radiance spectra for inhomogeneous paths, and (d) test the validity of

the AFCRL line atlas for hot gas spectral computations.

The source dependence of atmospheric transmittance corrections for
finite spectral bandwidth sensors can be computed from quasi-monochromatic
source radiance and atmospheric transmittance spectra. The unambiguous
demonstration of such effects has been an objective of the present study.
However, such quasi-monochromatic computations are much too time con-
suming for the routine reduction of data. For this reason,the development
of a band model approach to the efficient computation of source-dependent
transmittance spectra has been a part of the present study and is reported
in Ref. 1. A second use of the quasi-monochromatic computations has
been to examine the validity of this band model approach to source-dependent

transmittance computations. This comparison is presented in Ref. 1.

The computer programs for radiation transport developed as part of
this study are presented in some detail in Section II. These programs are

applicable to a wide range of problems. Results obtained with these

lS. J. Young, Band Model Calculations of Atrnosgheric Transmittance for
Hot Gas Line Emission Sources, TR-0075(5 47)-1, The Aerospace

Corporation, El Segundo, California (in preparation, June 1974).




computational tools are given in Section III. Section IV is devoted to a
comparison of comjuted values with experimental observations to ascertain
the applicability of the input spectroscopic data and the accuracy of the

programs.

-10-
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II. QUASI-MONOCHROMATIC TRANSMITTANCE/
RADIANCE COMPUTATION METHOD

A. INTRODUCTION AND RADIATIVE TRANSPORT
EQUATIONS

The problem of particular interest in this study, namely, the
computation of the source spectral dependence of efiective atmospheric
transmittance, is a particular type of radiative transfer problem. In study-
ing such problems on a quasi-monochromatic basis (as is done in this study),
complexities arise as a result of the masses of data required rather than
from the involved mathematical equations that describe the transport of
radiation. The basic radiation transport equation relating for a single
frequency v the radiance Lt(v) at location O to the radiance La(v) at the
sensor depends on the transmittance and radiance of incremental slabs of

the intervening atmosphere. Referring to Fig. 2,

L) = L) Ty n(v) 3 T, o) (1)
where
. z
1=n n
Tz , 7 = .17 T, = exp "f k{v, z) dz (2)
m n i=m z

m

These equations can also be written in integral form, but the discrete sum
and product form is directly applicable to implementation on a digital com-
puter and so will be retained. Along an atmospheric path for which infrared

absorption is significant, it is usually possible to assume that collisions

-11-
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Fig. 2. Physical Relationships Required to Develop
the Radiative Transfer Equation
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between molecules occur frequently enough for a temperature to be defined,
and thus the gas is in local thermodynamic equilibrium. The temperature
then determines the distribution of ene rgy among the quantum states of the

molecule. In this case, the radiance of an atmospheric segment is

o.(v) = - ri(v)] L, (v,8) (3)

where Lb(v, 6) is the radiance at frequency v of a blackbody at temperature
8. For this case, the radiation transport problem requires only the com-

putation of the transmittance Ti(V) for the segments along the optical path.

When Eqs. (1) and (3) are combined,

N
Ly = L) Ty pv) + 3 T,,, D) [1-+.0]L (v,0 (4)

i=1

Equations (2) and (4) form the basis for computer calculation of the trans-
port of radiatior through inhomogeneous atmospheres. The Aerospace
Corprration radiation transport computer program, INHOM, discussed in
more detail in paragraph II. B employs these equations to approximate

inhornogeneous paths by up to 81 homogeneous segments.

The transmittance of individual segments can be computed from
spectroscopic information about the strength and width of the spectral lines
resulting from the various possible transitions between the energy levels
of the molecules in the o] ical path. In the infrared region, these tran-
sitions are normally between various vibration- rotation states. There are
usually a large number of possible transitions. Only with the recent
appearance of the compilation of iine parameters obtained under the direc-

tion of R. A. McClatchey of the Air Force Cambridge Research Laboratories

-13-
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(AFCRL)Z has there been available the necessary srectroscopic information

organized in a fashion to facilitate the computation of atmospheric spectra.

The AFCR! line atlas, described in detail in Ref. 2, provides
spectroscopic data for more than 110,000 infrared transitions of the 7 gases:
HZO’ COZ’ 03, N;:O, CoO, CH4, and OZ' For each transition, the strength
S? and line w.dth a(; at 1-atm pressure and 296 K are provided along with
the lower energy level E? of the transition and the quantum numbers specify-
ing the energy levels between which the transition takes place. These are
arranged in th> order of ascending transition frequency v, for convenience
in spectral calculations. This organization inixes the transitions of various

molecules so that the molecule must also be indicated for each line.

An efficient, but flexible, computer program operating on a fast
digital computer is required to utilize any spectroscopic line atlas, such as
the AFCRL compilation, for calculations covering an appreciable spectral
interval. Our approach to such a computer program, designed for use on
the Control Data 7600 high speed computer available at The Aerospace

Corporation, is described in the remainder of this section.

B. PROGRAM DESIGN

Equation (4) has been written separating the source radiance from the
atmospheric effects. It is useful to maintain this separation of the radiative
transport equation into source and atmospheric terms, as is implied by
Eq. (4), in the actual computation of spectra since it is often desired to
study the spectrum resulting from the transmittance of radiance from the
same source through a variety of optical paths or, conversely, the trans-

mittance of various sources through the same optical path. Tnis separation

TR. A. McClatchey, W. S. Benedict, 5. A. Clough, D. E. Burch,

R. F. Calfee, K. Fox, L. S. Rothman, and J. S. Garing, AFCRL
Atmospheric Absorption Line Parameters Compilation, Environmental
Research Paper 434, AFCRL- TR-73-0096, Air Force Cambridge Research
Laboratories, Mass. (26 January 1973).

-14-




then becomes desirable because the combination of source and transmittance
spectra can be done much more rapidly than the computation of the spectra.
The combination operations are performed by a modified version of an
existing program that also has the capability to produce plots and convolve
instrument functions with the combined spectra. Figure 3 is a schematic
diagram of the procedure ernployed to compute the apparent radiance of a
target after the radiation has passed through the atmosphere. In this pro-
cedure, the INHOM Program computes quasi-monochromatic spectra based
on path parameters input by punched cards to the program. It obtains
spectroscopic data from the AFCRL line atlas, and ‘he resulting spectra are
then combined by the SPECPST Program. The capabilities of SPECPST

are listed in Table 1 and deszribed in detail in Ref. 3* and, therefore, are

uot delineated in this report.

Table i. SPECPST Program Capabilities

Combine spectra to create composite spectra.
Convolve spectra with defined sensor functions.
Compute average spectral values.

Print spectral values in convenient format.

Plot spectra for desired regions.

Although difierent versions of the INHOM Prcgram are shown in Fig. 3
for atmospheric and source computations, the programs differ only in the
subroutines that calculate the absorptance of the segments. The relatively
high temperatures and absorber concentrations in typical plumes require

that a number of factors that are near unity for atmospheric spectra must

*This describes the basic SPECPST Program only and does not include the
modifications required to study INHOM produced spectra,

3C. M. Randall, User's Guide tu Computer Programs for Fourier

Spectroscopy, TR-0073(9260-01)-8, The Aerospace Corporation,
El Segundo, California (30 November 1972).
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Fig. 3. Schematic Diagram of the Procedure Employed to Compute
the Effect of the Atmosphere on the Transport of Infrared
Radiation (The INHOM Program computes the quasi-
monochromatic transmittance and radiance.
Program has the capability to:
spectra, convolve spectra with instrumental functions, and
display the results in convenient printed and/or plotted form.

The SPECPST
combine two or more
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be specifically included in the source spectrum calculation. A more
detailed description of the INHOM transmittance/radiance program and its

use is given in the following paragraphs.

A radiative transfer program should be flexible to allow its applica-
tion to a wide variety of problems. At the same time, however, it shoull
be fast to allow economical computing. Satisfaction of these two somewhat
contradictory goals in the INHOM Program is attempted by separating the
various required types of calculations into subprogram modules. The
modules in which calculations are Performed that are not 1 _peated often,
e.g., the transformation of atmospheric parameters into parameters
characterizing the various segments along the optical path, have been made
very flexible and general with only minor thought given to computation
efficiency. On the other nand, those modules used frequently, e.g., to
compute the line shape and absorption coefficient, have been optimized for
efficient execution, even to the extent of assembly language coding. Flexi-
bility for these computations is achieved by substituting a different version

of the entire module.

The basic operation of the INHOM Program is indicated schematically
in Fig. 4, and details of the program control required to utilize the various
options are discussed in the Appendix. Control cards are read giving the
program information until a SPECTRUM control card is encountered in the
input stream. This card initiates the computation of a spectrum. The
spectrum computed depends on information communicated on the SPECTRUM
card and on other control cards encountered Previously in the input stream.
The optical path must be specified prior to the SPECTRUM step and this
may be done in twc ways. It may be specified directly by giving the column
density of each gas in each segment along with the temperature, pressure,

and path length characterizing that segment, or it may be specified indirectly

by describing an atmosphere in terms of altitude profiles of temperature,

.

pressure, and varia le gas concentration. The program then converts

these profiles into segment parameters by employing the gcometric path

-17-
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parameters designated by the user. This conversion neglects refraction
effects, and assumes a round earth with a radius of 6378. 16 km surrounded
by symmetric shells of atmosphere. The path is specified by giving the
zenith angle of the path at the beginning altitude and the final altitude. Paths
with zenith angles greater than 90 deg are acceptable. If the final altitude

is less than the beginning altitude, two paths are possible. and the user

may select either one. All paths that intersect the earth's surface are
recognized, and the computation of such a spectrum is prevented and an
appropriate error message is printed. Paths entirely outside the atmo-

sphere are also recognized, not computed, and an error message is printed.

The conversion of an inhomogeneous path to a collection of homoge-
neous segments may be done with a number of different assumptions. Only
a limited amount of study has been given to the optimum way in which this

should be done, but results obtained to date are reported in paragraph II.D.

After the optical path is properly specified, computation of the radia-
tion transport equation begins. This computation is indicated by the DO
statements in Fig. 4. Computation of the attenuation in a single segment
for a single frequency is done in a subroutine called SHAP that can easily

be changed to accommodate different line-shape functions.

The attenuation k(v) computed by the SHAP subroutine for a single

frequency v is dependent on the contribution of many lines in the neighborhood
of v.

i=IU

k(v) = 2 S, W [y - vi)s @] (5)
=T,

where IL and IU are indices bracketing all the lines assumed to be close

enough to v to influence k(v); Si is the strength of the ith line; a; is the width




of the ith line; f[(v - vi)s ai] is a line-shape function; 2ad W, is the column
density of the gas for which Si and a characterize a line. The factors Si
and a; are dependent on the pressure, temperature, and species concentra-
tion in the particular segment. All studies to date have been carried out

assuming a Lorentz pressure-broadened line-shape function.

a, -1

flv - vo) ai] = -17‘ [(v = vi)2 + aiz]

The line width and strength parameters depend on the molecule and the
ccnditions in the segment of the optical path being considered. The AFCRL
line atlas tabulates the line strengths and widths for Po = { atm and

00 = 296 K temperature. Quantities drawn from the atlas are indicated by
a superscript 0. In most of the calculations reported here, line strengths
and widths appropriate to the path segments have been obtained by the

following relations:

0

hE
0 i (1 i
Si g(v, 6) exp < ('e'; - —e-)]
B Q 6,m)Q (o,m) IE)
/2

_ 0 n
a; = a; (P/P()(0,/6) (M)
where P and 6 are the average pressure and temperature in a particular
segment of the optical path, and h and k are the Planck constant and the

Boltzmann constant, respectively. The correction for stimulated emission

is

g(v,08) =1 - exp(-hv/ke) (8

-20-
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For the spectral regions presently of interest, this correction differs
significantly from unity only for the high temperatures involved in source
radiance computations. The term E? is the energy of the lower energy level
of the transition, and Qv (G,mi) and Qr (O,mi) are respectively the ratio of
the vibrational and rotational partition function at temperature 6 for the

o= 296 K. For
atmospheric conditions, Qv differs only slightly from unity; thus, in many of

molecule m, to the value of the partition function at 6

the calculatior: for atmospheric paths reported here it has been assumed to

be unity. The rotational partition function rat.o Qr (e,mi) is approximated by

j
Q_(6,m) = (8/6 ) ™ (9)

where the value of the exponent deprnds on the molecule being considered.
The values used are listed in Table 2 (Ref. 2). For source conditions, the
vibrational partition function cannot be ignored and has been calculated

in the harmonic approximation.

-d.
Q_ (8, m) ="j (1 - exp(-hE;’/ke)] ] (10)

where E;’ is the energy of the jth fundamental vibrational level and dj is the

degeneracy associated with that level. The coefficients employed are listed
in Table 2.2 %

The theory of line broadening is complex and not totally adequate.
For atmospheric conditions, the simmnle approximation of Eq. (7) has been

employed. However, for source calculations, the concentration of certain

4G. Herzberg, Molecular Spectra and Molecular Structure, Van Nostrand

Reinhold Company, New York, New York (1945), p. 501.

-21-




TR N

A
1= 0
eajoads adanos ul papnioul JoN A ¢ NO
A
1= 0O
e1309ds 952IN0S Ul Papn[oUl JON 51 vEU
A
1= O
e1j3o9ds 901In0OS Ul papn[dOuUl JoN 0°1 (0)0)
A
1= 0O
e13oods 90INOS Ul papn[oul 0N 0°1 ONZ ”.“
t
A
1= 0O
ei13o9ds 901nOS ul papn[oul JON S°1 mO
¥ 9%1 ‘6%
¥ L871 "88¢l 2
(4 6LE "L99 0°t¥ (00
¥ P26 "9sle
¥ ¥S0 L59¢ 2
¥ 9€L "¥651 S°y O H
M. L) A 'EUV w L
P ‘4Aoeaauadag »MM .maﬂcwEMvcﬁh [euoIeIqIA ( ‘jusucdxy uomdoung feuoljejoy sen

83Ua101yJo0) UO[OUNJ uUolIIed 7 dIqel




species may be high enougk for self-broadening to be significant. For
these cases, we have used the results of Ludwig et al. 5 to compute the
broadening coefficient to be applied to the line width parameter a?,m from
the AFCRL atlas for the ith line of species m:.

- o0 j 1/2 i 0
ai,m-ai,mx%: Y Pj(®/® " 4y b (8,/0) /v (11)

where me is the bro:dening coefficient for gas j on gas m; p, is the pargial
pressure of gas j; | 2 is the resonant self-broadening coefficient; and | is
the result of carrying out the computation within the braces for dry zir at
00 = 296 K and a total pressure of Po =1 atm. These are the conditions
for which the AFCRL atlas line widths are calculated. For computational
economy, the coefficients actually used are ;j = yzn/y?n. All of the

relevant coefficients based on Ref. 5 are listed in Table 3.

C. CONTINUUM ABSORPTION/ TRANSMITTANCE

All absorption mechanisms that vary only slightly oa a spectral scale
of a few line widths have been irnored in the present calculations, since the
objective of the present study i. to explore the effects of line correlation on
apparent atmospheric transmittance. However, capabilities have been
incorporated into the INHOM Program to include such phenomena when

desired bv generating an apprepriate subroutine module.

The choice of an appropriate bound to place on the region over which
lines influence the absorptance at frequency v, IL and IU in Eq. (5), canbe
viewed as a decision on where to begin to include line wings as a continuum
phenomenon to he handled by serniempirical means rather than by considera-

tion of the explicit shape of individual lines. These line-shape functions are

5C. B. Ludwig, W. Malkmus, J. E. Reardon, and J. A. L. Thomson,

Handbook of Infrared Radiation from Combustion Gases, NASA Special
ublication NASA SP-3080 1973).
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probably not correct at great distances from the line center. An appropriate
bound may be chosen by assuming that a Lorentz line shape is typical and
noting that, under atmospheric conditions, 1in~ widths are 0.1 cm'1 or less.
The rate of change of absorptance then decreases to less than 1 percent/
em” ! beyond 10 cm”! from the line center. With such rates of absorptance
change, line correlation effects will be minimal; thus, we have adopted a

limit of 10 cm'1 away from a frequency v for the inclusion of line effects.

D INHOMOGENEOUS PATH APPROXIMATION

The use of a series and continued product formulation for the radiation
transport equation in an inhomogeneous medium, as defined in Eqs. (2) and
(4), implies physically that the continuously varying path is being approxi-
mated by a series of homogeneous segments. The way in which the path is
divided into homogeneous segments and the number of segments can affect

the accuracy of the computed results. As a part of the present study, a

limited variety of possible path division algorithms have been tried.

LCivision of the inhomcgeneous path into equal geometric length seg-
ments and into segments containing equal numbers of air molecules has been
tried. For each division scheme, a slant path through a mid-latitude
summer model atmosphere from 0 to 20 km at a zenith angle of 60 deg has
been divided into irom 1 to 40 segments. Then, for each division scheme
and each number of segments, the transmittance was computed in t e
15 cm'1 band from 3400 to 3415 cm-1 with a resolution of 0.02 cm-l. This
spectral region was chosen because it contains a range of transmittances
from 0.22 down to less than 10-4. A spectrum computed for 40 segments
is shown in Fig. 5. The transmittance spectra resulting from various runs
are compared in two ways in Table 4. First, the average transmittance
over the entire 15 cm'1 band for the various number of segments was com-
pared with the result focr 40 segments. Second, the individual transmittance
spectra were divided by the 40-segment transmittance spectrum for all

values for which the transmittance was greater than 10'4. In the typical

iy
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ratio spectrum shown in Fig. 6, the cross-hatched region indicates where
the transmittance was less than 10 4. Peak values in the 15 cm-1 band for
all the ratio spectra are listed in the columns of Table 4 headed Peak Tn/
T40. When the path is divided into 40 segrnents, the division method makes
little difference, but for a more limited number of segments, the equal
number of air molecules yields transmittances that are closer to the 40-
segment values. For this reason, the equal absorber concentration
algorithm has been adopted for the calculations reported later in this dis-
cussion. When calculations over inhomogeneous paths are desired, we
have chosen, based on the limited data summarized in Table 4, to divide
the path into 5 segments This choice is a compromise etween the
increased accuracy available with more segments and the increased com-
putation time and cost required to carry out the computations over a broad

spectral interval with an increased number of segmants.

E. PROGRAM EXECUTION TIME

The time t required for a spectrum computation is directly propor-
tional to the product of the number of seginents n_ into which the optical path
is divided and the number of spectral values n, desired plus a small over-
head time to required to perform those calculations needed only once per

spectrum.’

t=rnsnv+t0 (12)

The rate constant r depends on the density of spectral lines in the spectral
region of interest, the breadth of the region of influence included, the speed
of the computer, and the efficiency of the program. The INHOM Program
described in this report, when operated on the CDC 7600 computer at

Aerospace, achieved a rate of r = 2. 2 msec for the spectral region from

3325 to 3975 cm-1 and an influence bound of 10 cm"~ 1. Overhead time was
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t0 <1 sec. The program that achieved this rate included all the pressure-

broadening, stimulated-emission, and partition function calculations described

previously. The most significant single improvement in speed resulted from
coding the computer operations required to implement Eq. (5) in assembly
language with an ...-line exponential function rather than in FORTRAN. This

approach resulted in a 25-percent decrease in r.




III. SOURCE SPECTRAL EFFECTS ON
APPARENT ATMOSPHERIC TRANSMITTANCE

A, TEST CASES

Based on initial test cases described in the following paragraphs, errors
of up to 79 percent are possible in atmospheric transmittance corrections if
source spectral effects are not considered. The initial test source was an
isothermal model of the afterburning plume of a typical rocket at 20 km.
Characteristics of this target are listed in Table 5. ¥ The plume is assumed
to be a right circular cylinder, and an optical path along a diameter of the
cylinder has been the only path considered. The radiance was computed at
0. 01 cm™ ! resolution between 3325 and 3975 cm™!. A short segment of the
target spectrum is shcwn in Fig. 7. All corrections discussed in Section II
for high temperatures were included, and only emissions from CO2 and HZO
were considered. No lines other than those listed in the AFCRL atlas were
included. This approach leads to an error of unknown magnitude since the
AFCRL atlas was developed for atmospheric transmittance work, and bands
and lines arising from energy levels that are not appreciably populated at
atmospheric temperatures have been omitted from the atlas. Qualitative
results indica‘c that the atlas becomes inadequate for temperatures above
about 1000 K. Nevertheless, we have used the atlas to gain a feel for the
magnitude of the source spectral effects on atmospheric transmittance,

recognizing that quantitative results may not be correct.

Studies have been conducted of the apparent radiance of this source
after passing along two different paths through the tropical atmosphere. One
is a 100-km horizontal path and the other is a path to space at a 75-deg zenith

angle (see Table 6). A transmittance spectrum has been computed for each

Private communication from D. D. Thomas of the Propulsion Department,
Aeroengineering Subdivision, The Aerospace Corporation.
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Table 6. Tropical Model Atmosphere6

Height| Pressure Temp. Density Water Vixpor Ozor.:j:
(km) (mbar) (K) (g/m?) (g/m>) (g/m”)
0 1. 013E+403 300.0 1. 167E+03 1. 9E+0! 5. 6E-05
| 9. 040E+02 294.9 1. 064E403 1. 3E+01 5. 6E-05
2 8. 050E+02 288.0 9. 689E+02 > 3E400 5.4E-05
3 7. 150E+02 284.0 8. 756E+02 4. 7TE+00 5.1E-05
4 6. 330E+02 277.0 7.951E+02 2.2E+00 4. 7E-05
5 5.590E+02 270.0 7. 199E+02 1. 5E4+00 4.5E-05
6 4.920E+02 264.0 6.501E+02 8.5E-01 4, 3E-05
7 4, 320E+02 257.0 5. 855E+02 4, TE-01 4. {E-05
8 3. 780E+02 250.0 5.258E+02 2.5E-01 3.9E-05
9 3.290E+02 244.0 4. T08E+02 1.2E-01 3.9E-05
10 2.860E+02 237.0 | 4.202E+402 5. 0E-02 3.9E-05
i1 2.470E+02 230.0 3. 740E+02 1. 7TE-02 4. {E-05
12 2. 130E+02 224.0 3.316E402 6. 0E-03 4. 3E-05
13 1. 820E+02 217.0 2.929E+02 1.8E-03 4. 5E-05
14 1. 560E+02 210. 0 2. 578E+02 1. 0E-03 4. 5E-05
15 1. 320E+02 204.0 2.260E+02 7. 6E-04 4. 7E-05
16 1. 110E+02 197.0 1.972E+02 6.4E-04 4. 7TE-05
17 9. 370E+0t i95.0 1. 676E+02 5. 6E-04 6.9E-05
18 7.890E+01 199. 0 1. 382E+02 5. 0E-04 9. 0E-05
19 6. 660E+01 203.0 1. 145E+402 4, 9E-04 1.4E-04
20 5. 650E+401 207.0 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. 090E+01 215.0 6. 645E+01 5.1E-04 2.8E-04
23 3. 500E+01 217.0 5.618E+01 5.4E-04 3.2E-04
24 3. 000E+01? 219.0 4. 763E+401 6. 0E-04 3.4E-04
25 2.570E+4+01 221.0 4. 045E+01 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 1.1E-04 9.2E-05
40 3. 050E+00 254.0 4. 181E+400 4. 3E-05 4. {E-05
4% 1. 590E+00 265.0 2.C97E+00 1. 9E-05 1. 3E-05
50 8. 540E-01 270.0 1. 101E+00 6. 3E-06 4, 3E-06
70 5.790E-02 219.0 | 9.210E-02 1. 4E-07 8.6E-08
100 3. 000E-04 210.0 5. 000E-04 1. 0E-09 4. 3E-11

6

-34.

R. A. McClatchey, R. W. Fenn, J. E. A. Selby, F. E. Volz, and j. S.
Garing, Optical Properties of the Atmosphere (Third Ed. ), Environmental
Research Paper No. 411, AFCRL-72-0497, Air Force Cambridge Research
Laboratories, Mass. (24 August 1972).




of these paths at 0. 01 cm™! resolution from 3325 to 3975 cm™!. A sample
segment of such a spectrum is illustrated in Fig. 8. In addition. ~n apparent
radiance spectrum has been obtained for each of these paths by multiplying
the transmittance spectrum for the path by the source radiance function. A
sample segment of such an apparent radiance spectruin for the 75-deg, wenith

angle slant path is shown in Fig. 9.

B. ATMOSPHERIC TRANSMITTANCE EFFECTIVE FOR LOW
RESOLUTION SENSOR

A variety of atmospheric transmittance values can be obtained from the
spectra presented in paragraph III. A when a sensor with a spectral bandwidth
greater than a few line widths is considered. The differences depend on the

way in which the low spectral resolution transmittance is defined.

The effective average transmittance -T-e is the  plicable value if the

objective of sensor measurements is the inference o1 the source radiance.

v v
S 2L v vszttv)T(v)dv

v

Te =—1V2 = 1V2 (13)
f L, (v) dv f L, (vidv
1 1

is the ratio of the integrated apparent radiance La (v) to the integrated target
radiance Lt(v). Spectra of Te for the two optical paths considered are indicated

by solid lines in Figs. 10 and 11. The value Av = v, - vy = 20 cm-1 was

used in computing these spectra. Three values of Tze obtained for bandwidths
greater than 20 cm-1 in the two wings and the center of the absorption region
shown in Figs. 10 and 11 are listed in Table 7. The entry in Table 7 titled
20 ¢m” ! Intermediate Average'' is the average of the Te curve from Fig. 10
or 11 for the same radiometer bandwidth. This indicates that the average
of low resolution spectra does not produce the same results as the average

obtained from high resolution spectra.
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