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ABSTRACT

A computer program that calculates absorption spectra for slant paths
through the atmosphere is described. The program uses an efficient con-
volution technique (Romberg integration) to simulate instrument resolution
effects. A brief information analysis is performed on a set of calculated
spectra to illustrate how such techniques may be used to explore the qual-
ity of the information in a spectrum.
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I. INTRODUCTION

Radiation which has passed through and been modified by the atmo-
sphere contains a wealth of information about atmospheric conditions,
This includes information about the temperature and density structure of
the atmosphere as well as the abundance and distribution of constituent
gases and aerosols. In order to retrieve this information, however, an
accurate model is needed which describes the dependence of absorption
spectra on the atmospheric conditions and on the instrument characteris-
tics, The first dependence has received considerable attention, both
theoretical and computational, but the second has received much less,
Equivalent width techniques and transmittance averaging are common ways
of extracting information from spectra when instrument effects are un-
known or poorly understood. However, because these effects mask under-
lying atmospheric effects, knowledge of the instrument behavior, when
properly included in the data analysis, allows extraction of more detailed
information than can be obtained in the absence of such knowledge,

Nonlinear least-squaresl is one data analysis technique which can
include all relevant influences on the data, It involves a great deal of
computation, however, so efficient computer codes must be developed in
order to take advantage of the least-squares techniques. This report de-
scribes a program for calculating absorption spectra that was specifically
written to efficiently include instrument effects. It is therefore suit-
able for use in least-squares analysis.

In constructing a model for any experiment it is important to know
what type of information the experimental data are likely to contain,.
Such knowledge allows the level of sophistication for the model to be
balanced between computational complexity and interpretative accuracy.
The third chapter of this report addresses this question and illustrates
a variety of simple techniques for information analysis with a set of at-
mospheric absorption spectra.






II. FUNDAMENTALS OF ATMOSPHERIC TRANSMITTANCE

A beam of radiation propagating through the atmosphere is modified
through the action of many different processes., Among these are scatter-
ing, reflection, refraction, polarization changes, atmospheric emission,
and absorption. This report is only concerned with the modifications due
to refraction and absorption by gas molecules in the atmosphere, and, in
particular, that portion of the absorption due to rotational and vibra-
tional transitions of the molecules. Each transition has associated with
it a freguency position, width, intensity and profile, The Voight pro-
file®»3523 ig assumed throughout this report, although other shapes can
be incorporated if desired.

A, HOMOGENEOUS PATHS

If radiation with a spectral irradiance E(v) is incident on a homo-
geneous gas sample, the spectral radiant exitance M(v) is given by*

M(v) = E(v) - 1(v) , (1)

where v is the frequency of the radiation measured in ecm™', The modifying
factor, t(v), in Eq. (1) is called the spectral transmittance, which is
referred to simply as transmittance in this report, it being understood
that the transmittance is a function of frequency.

For a narrow homogeneous sample of thickness dg, Bouguer's law®.
states that the radiation lost in the sample is linear in E(v) and dg.
Beer's law® states that the radiation lost is also linear in the concen-
tration N of the absorber, so that

d.E(V,,@) = -k(v) E(V,,@) Naz , (2)
where k(v) is called the absorption coefficient. When N is measured in
molecules/cm® and d¢ in cm, k(v) is measured in cm®/molecule. When N is

independent of path length, Eq. (2) can be integrated over the entire path
length, L, through the sample to give

M(v) = E(v,L) = E(v,0) exp[-k(v) NL] . (3)
éonsequently, the transmittance is given by
7(v) = exp[-k(v) NL] . (k)
Equation (2) is based on independent absorption by each absorbing molecule,
It does not apply to self-broadening absorption, therefore, in which k can

also depend on N. The factor in the exponential of Eq. (4) is called the
absorbance,

If there are M different absorbers with concentrations N, N2y ..., Ny
independently absorbing in the sample, the total absorbance A(v) is

3
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A(v) = Z Nk (v) T, (5)

m_

where ky(v) is the absorption coefficient for the mth absorber. As stated
above, this report assumes that the absorption is due to many individual
absorptlon lines, each with absorption coefficient ka(v) Consequently
Eq (5) becomes : '

1

i

M I
A(v) =L - ) Np - 2: knj(v) , (5b)

1 m=1 iﬂ
1

where Jm is the total number of llnes for the mth absorber,

!

!

B. ATMOSPHERIC PATHS
. .

. |

{ Radiation paths in the atmosphe}e are usually not homogeneous. For
such paths, Eq. (2) can still be integrated to give E as a function of
path length, provided the variation of k and N with path length is known.

The analog of Eq. (5) for atmospheric paths is !

A(v) = }:Nmz) }:km;,vz) g . (6)

0 m=1

t is convenient to define the m1x1ng ratio am(z) for the mth absorber as

|
am(2) = Np(2)/N(2) .

e e 7 ——— e 2

¢

where N(£) is the mean density of the atmosphere as a function of path i
length. ! ,

G

Defining a new variable u(f), the so-called airmass along the path, by

; du = N(2) de , |
gq (6) becomes s f
% M f Jm L
I‘ A(v) = jﬂ > a,m(u') (vyu) du , (7)]
., 0zt T H :
%here 3
A ; !
Ll
= 4§ 'N(z) d
S5 me) ag

: : .
is the total airmass of the path, |
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C. REFRACTION EFFECTS

This report uses a program written by Treve’»® and Snider® to deter-
mine the path of radiation through the atmosphere. The necessary geometry .
is shown in Fig. 1, assuming that the sun is the radiation source, The
observer is at a height Hop above the surface of the earth at latitude ¢.
The direction of propagation of the radiation makes an angle 6' with the
observer's local zenith. A straight line drawn from the observer to the
source makes an angle 6 with the local zenith and has a minimum height
Hiin above the surface of the earth., Because of refraction, the true
radiation path is not straight and has a different minimum height Hyip.
The actual path taken by the radiation depends on the density profile of
the atmosphere as a function of height. This profile is calculated by
the program from an imput temperature profile and base level pressure by
integrating the hydrostatic equation and assuming an ideal gas law for the
relationship between pressure, temperature, and density.*® The input
profile is in the form of many thin.atmospheric layers. The program uses
Snell's law and the Lorentz-ILorenz relation to perform a ray-tracing
through the layers. The output consists of a series of airmass values,
effective temperatures, and pressures, one for each layer crossed by the
ray.

In order to use these to calculate the spectrum, the integral in
Eq. (7) is approximated by a sum according to

Jm

U M
J L ) o) e
J:

0 m=1

A(v)

YT L [emmst)] s, (8)

121 m=1 j=1

R

where I+ is the number of terms in the sum .which replaces the integral in
Eq. (7).

i

The form of [amkmj(v)]_ is determined by assuming that the product
1

ap(u) kpj(v,u) for fixed v can be written as a function of the pressure
P(u) and temperature T(u) along the path. We therefore write

J ap(u) kpz(v,u) qu = [ £[P(u),T(w)] du .

Expanding £ in a Taylor series about some value, Py, To,

£(P,T) = £f(Po,To) + %% (P - Py) + g% (T - To) + {second-order terms} .
P6>TO Pb;TO

Substituting this expression into the integral



PURPVIRY

"true" or astronomical zenith angle

6 =
6' = apparent zenith angle

Hop = observer height

Hyipn = unrefracted minimum height
in = true minimum height

R(¢) = radius of earth at latitude ¢

Fig. 1 - Observer-source geometry




[ £f[P(u),T(u)] du = £(Po,To) J du

+ %‘I(P - Py) du + 2—;[ f[T(u) - To] du

Po,To Po,To

+ {second-order terms]

s

= [f(Po,To) +

%%,'l(?-ﬂ E’o) ff’g% I(T - To)
\‘\;1.. IV\. [t

. PosTo i PosTo
- {second-order terms}] ‘/.'d}r 5]

N

where

Hol
i

[ P(u) dau/f qu
and (9)
[ T(u) au/f du .
But the expression in the brackets, to first-order, is just f(P,T).
Consequently, provided the variation of P(u) and T(u) is sufficiently small

that the first-order terms in the Taylor series are adequate, we may write

4

T

[ flP(v),T(u)] dqu = £(B,T) Au , (10)
where T and P are defined as in Eq. (9).
( If the atmospheric layers are sufficiently thin, we are therefore
justified in replacing the integral-in Eq. (7) with the sum in Eq. (8)
provided
[ ()], = an(BiTs) ks (Bi,Ta,v) (11)

where

P; = f P(u) du/tu;
“layer - i

and ! (12)

f’i = f T(U.) du/Au1
layer i



Equations (11) and (12) are close to the familiar scaling approxima-
tions.'' The same argument applies to any other variables that effect the
a + k product (such as mixing ratio dependence in k). One can therefore
approximate the inhomogeneous atmosphere with a series of homogeneous

layers whose properties are given by averages over the true inhomogeneous
variation,

D, LINE SHAPE

As stated above, this report assumes that the absorption coefficient
kn;(v) follows the Voigt profile, This profile combines the effects of
collision broadening (which is dominant in the troposphere) and Doppler

broadening (which is dominant in the upper stratosphere). It is given by

t2) dt
ko3 (V,B,1) = Kogm L f Smlr) &, (13)
where
Sim =
kOm,j = &)22/1{ s -
OtD !

«
H

o/ —
L Von2 , and
ap
x = L= Voim \puo .
“p
The line intensity S;, is defined as S;, = fg kjo(v) av .
From QuaﬁtunfMeehaniEeyé‘thi§fgﬁantity is given by -

83voim g”(l 'hCVOJm/kT) o
S5m = ~3pe Qu(T) exp[ (-Em;)/KT]

| ¥l Tl sa)* (1k)

In this expression, vo;m is the line center frequency for the mjth
line with lower state energy EmJ and upperstate energy Ep; = hcvomj + En;
g” 1s the degeneracy of the lower state and Qn(T) is the partition func-
1 - exp(-hcvg;n/kT)

Qm(T) _
approximated byi%/Qrot(T) where Qpot(T), the rotational partition function,
is proportional™~ to-T for linear molecules such as CO, N20, COz, and NO,
It is proportlonal to T¥2 for molecules like Oz, H20, and CHy. The term
| wamlulwam)l is the square of the dipole matrix element.

tion. TIn the 1nfrared the express1on can usually be

- - ~



The teﬁperatufe debendence of S;, is made explicit by writing it as
To\P
Sjm = Sojm (7?) expl-En;(To - T)/0.6946TTo] , (15)

where B = 1 or 3/2 depending on the molecular structure. The above expres-
sion assumes that E is measured in cm™' and T in Kelvin. Sojm is the value
of S;n» at some standard temperature, To.

The quantities o, and op in Eq. (13) are the Lorentz width and Dop-
pler width of the line, respectively. These are given by

VYOom; 2KT @nz

= m,|

oD € My~

and (16)

7
Y\ P

'~ M, is the mass of molecular species m; Qon; is the Lorentz width at
some standard temperature and pressure, Tp and Po; and 7 is an empirical
term describing the temperature dependence of « This report makes the
standard assumption that 7 = 1/2 although other values are often more
accurate for bands of specific molecules. The necessary line parameters
were taken from the AFGL line listing.'*

E. INSTRUMENT EFFECTS

When Eq. (13) and (8) are combined, they constitute a mathematical
model for the frequency make-up of a beam of radiation as it propagates
through the atmosphere, Since real spectrometers have finite resolution,
the signal observed at frequency setting v is a weighted sum of the radia-
tion incident on the instrument., This is described by writing

' Tcon(v) = fg G(V3V1> Tmon(v') dV' 2 (17)
where Teon(V) is the observed transmittance, t,,,(v') is the monochromatic
transmittance, and o(v,v') is the instrument spectral response function
(or "slit" function) with

“ 1

fg a(v,v') dv' =1 ,

It is often assumed that ¢ can be written as a function of (v - v'),
and many different forms are used, For grating instruments, trlangular
and Gaussian shapes are common,'® and for interferometers sinc, sinc?, and
various Bessel functions have been tried,'® depending upon the apodization.

When calculated and observed spectra are to be compared visually, the
exact form of o is often unimportant. However, when more sensitive



techniques, such as least-squares analysis, are used, instrument effects
must be modeled with a precision at least better than the precision of
the observed spectral values, This imposes an additional set of computa-
tional restrictions on spectrum calculation routines, especially when the
convolution integral in Eq. (17) must be evaluated numerically, as is

" usually the case., While considerable effort has gone into devising ef-
ficient algorithms for calculating monochromatic transmittances, little
work seems to have been done on the special problems associated with cal-
culating convolved transmittances.

Since one of the problems this report seeks to address is the appli-
cability of least-squares data analysis to atmospheric transmission spec-
tra, the precision of convolved transmittances has been a central concern
from the start. To see how this concern dictates the overall calculation
strategy, consider how Eq. (17) is evaluated in practice. Because of the
complex frequency dependence of t(v'), the integral must be evaluated
numerically; i.e., replaced by a weighted sum, Each term in the sum re-
quires a value of 1,,, and one of ¢g. If N, is the number of terms in the
sum and Ng is the number of observed spectral values, then N, * Ng mono-
chromatic transmittance values are needed to calculate the convolved
transmittance, t.q5y.

A typical frequency position may have contributions from 20 different
lines and require 20 atmospheric layers to model the atmosphere (Mankin17
used ~1000 lines over a 10 cm™' region; Snider and Goldman'® used 197
layers). In addition, if the resolution is ®vg a typical frequency spacing
for observed spectra is SVR/2. Consequently for a 200 cmfl—long spectrum
at moderate resolution, dvg = 0,10 cm™ (some interferometers have 10
times better resolution), a total of 4000 observed points must be calcu-
lated. Assuming that the most time-consuming part of the calculation is
the evaluation of the Voigt profile, a total of N, X 20 X 20 X 4000 =
1.6 X lOGNc Voigt evaluations must be performed, Running time is dependent
on machine characteristics, but Pierluissi and Vanderwood:® quote a time
of ~3 seconds for 100 evaluations on an IBM 360/65. This gives
4,8 X 10* - N, seconds of CPU time in the Voigt routine alone. Clearly
N, must be made as small as possible,

1. Convolution Strategies

The numerical evaluation of the integral in Eq. (17) is represented
schematically in Fig. 2. To each observed frequency position v; there
corresponds a set of frequency positions {v'}; at which monochromatic
transmittances must be calculated. Clearly the number of points v' can
be reduced by making some of the {v'};;; points overlap some of the {v'};
points, However, because the number of {v'}; values needed for a given
level of accuracy e in 7,,,(v;) depends upon the form of the monochromatic
transmittance, the density of {v'}; points will be a function of v; for a
given e, The exact density depends on the numerical integration rule em-
ployed, but usually this takes the form of bounds on the magnitude of high-
order derivatives of Tmon OVEr the convolution frequency range. The use
of an iterative quadrature routine can often eliminate the need for

10



monochromatic

convolved

Fig. 2 - Schematic representation of Eq. (17)



evaluating these derivatives, Also, if the Tcon(vi) values are calculated
in order of increasing [or decreasing] frequency position, values of Tyop
at frequencies lower [higher] than the ith range of v' values need not be
saved., This reduces storage requirements.

Of the many available iterative routines, an equally spaced abscissa
Romberg integration algorithm was selected, Gaussian rules require fewer
{v'} points for a given e, but are not well adapted to iterative evalua-
tion. Neither are they well suited for overlapping {v'} positions for
successive v; values, Adaptive Simpson's rule techniques are good at
varying the v'-density to meet the accuracy requirements and could be writ-
ten so as to use overlapping {v'} positions. Unfortunately they are much
more complicated than Romberg schemes, which proved to be complicated
enough. Better programmers than the author of this report may wish to use
them, however. N - ' ST

2. Romberg Integration

To use classical Romberg integration to evaluate the integral
b
Is= £(X)dx
S,

the interval [a, b] is divided into 2KO equal pieces. The function f is
evaluated at each of the 2K0 + 1 points,

x; =a+ (i-1)(M-a)/d i=1,...,+1,

and the sum,

a) + f(x2) + .

Tf()l-{O) = (bﬁ)— [1/2‘ £(x,

+ £(xoko) + 1/2 f(x2k9¢; = b)] ) (18)

forms the first element of a table of approximations to I called the
Romberg T-table., Equation (;8),is easily recognized as the trapezoidal

. ) o, ; k). .. ]
rule, Next, ko is replaced by k; = ko-+ 1 and Tc() 1) is ‘calculdted from
Eq. (18) with ko replaced by k; . This value forms a second estimate for

I and is written next to TSKO) in the top-most row of the table, as shown
o ‘ (ko)

in Fig.-3. TFrom these two estimates™a third estimate, Ty
according to

, is formed

(k1) | o(k
A ”me-':;n le' : (19)

12
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TikO) TEkl) L.

Fig, 3 - The Romberg T-table
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The values of—TgkO) and T£ko) are then compared, and if

N <€, (20)

(ko) _ gko)
the process stops and outputs T(kO) as the final approximation to I, If
the convergence criterion in Eq. (20) is not satisfied, the table construc-

(ke), Téka)

tion continues with Tg and so on until two successive elements
along the diagonal of the table do satisfy the convergence criterion,

Davis and Rabinowitz'® discuss a modification of the classical Romberg
scheme which requires calculation of a second table, the Romberg M-table,
In this scheme, after TékO) is calculated, the quantity
oko
(ko) _b - & [ ( l> ko
M =2==3 fla+ (5 -3)b -a)/2 (21)

© - oo j=1 2
is calculated. Equation (éi) is easily recognized as the midpoint rule,
The values of TgkO) and MgKO) are then compared and if

Jufko) x| (22)
the process stops and outputs
o{¥) =_12: (T(()ko) N M§k0>) (23)

as the final approximation to I. If the new convergence criterion [Eq.
(22)] is not met, the next diagonal element of the T-table is calculated

from
ot ) )
1

)
‘ m m-1 um _

(2k)

The next element of the M-table, Mékl), is calculated from Eq. (21) = ~ 7
with ko replaced by k; = ko + 1. The two M values are then combined a§ ~

in Eq. (19) to form M§k°).
(ko) g TJ(_kO).

Ml If the criterion is satisfied, these two are combined

as in Eq. (23) and output. Otherwise the process continues halving the
interval [a,b] and recursively generating the T- and M-tables until two
corresponding diagonal elements satisfy the convergence criterion.

The convergence criterion is then applied to

Those referring to Davis and Rabinowitz'® should note that Eq. (6.3.9)
in their book is incorrect in some editions, as can be verified from their

1h



Eq. (6.3.8) and the equation below (6.3.2). Also, the FORTRAN version of
this technique, incorporated into the program in Appendix A, has a maximum
number of interval halvings in the search for convergence, When this
limit is exceeded, the output is taken from Eq. (24) rather than Eq. (23).

Incorporating the Romberg Table evaluation in the spectrum calcula-
tion routine required less than 15 FORTRAN statements. The logic needed
to save T, values required nearly 10 times as many statements. The de-
tails are given in Appendix A,

F, VERIFYING CALCULATION BEHAVIOR

The program which evaluates Eq. (17), described in Appendix A, is
composed of three basic parts: (1) evaluation of the atmospheric path
(subroutine SNIDER), (2) setting up approximate layer parameters (subrou-
tine PATHST), and (3) spectrum calculation (subroutine NSPEC). These were
first checked individually and then as a whole,

'A spe01flc observer source geometry was selected, ThlS had an observer
at 45% N la,tltude,, 45 km height, and ai observed zenith-angle (e' in"Fig. 1)
of 95. 2° The source was assumed to be above the atmosphere. Unfortu-"'
nately, the atmospheric model used by Snider and Goldman'® could not be
obtained so the January reference atmosphere of Cole and Kantor®® was used
instead. The program's analysis of the path is shown in Table 1’ along
with the associated results taken from Ref. :(10). Also shown are the re-
sults using a 190-layer atmosphere taken from the U,S., Standard Atmosphere,
1976.21 The agreement shown in the table and the proper behavior of the
subroutine to changes in zenith angle, observer height, and ground-level
pressure indicated that the subroutine was functioning properly.

The output for the 190-layer model included 198 sets of (u;, T;, P;)
values; 59 values for layers crossed in the portion of the path going from
the observer in layer #99 to the minimum height in layer #41, and 139
values for layérs crossed in the portion from the minimum height to the
top of the atmosphere, The average layer thickness in this model is
~.4 xm. Examination of these 198 sets showed that of the 1.200099 x 10%°
mol/cm in the path, 3.1341 x 10%5, or 26%, were in the 0.35 km thick por-
tion of layer 41 that contains the lowest segment of the path This dem-
onstrates the height selective nature of the limb geometry

Compare this to the result obtained by Schmldt22 that a uniform error

6f 0.5 km in the minimum height of a limb emission spectrum produced a
21% rms error in retrieved mixing ratios (using simulated balloon data).

The next highest layer, #42, contained 1.4154 x 10°S mol/cm®, or
11.8%. A full 60% of the air mass lay between 18.45 and 20.L49 km,

Next the Voigt function evaluation routine, due to Hui, Armstrong,

and Wray,23 was checked against the tables of Young.®* It gave good
agreement over the tabulated range of x and y values. A set of sample

15



Table 1.

Comparison of path

characteristies.

Ref. (20) Ref, (10) Ref. (21)
lmees) e |2 ‘9552 ‘95t
Iower height (m) 45000,0 45000.0 45000.0
Upper height (m) 89999.9 99000,0 82000.0
Minimum height (m) ° 1845k .5 18h3k4.1 18450.0
Chapman airmass 6.168 7.098 6.385
Optical airmass 5.422 6.085 5.573
HDIFF (m) 1000.5 1138.5 1030.0
Refraction (degrees) 0.11255 0.12788 0.11579
A egrany ™ 95.31 95.33 95.32
P(EFF) (N/u?) 451841 5494 .93 4999.92
T(EFF) (K) 216.26 219.5k 218.93
Pcﬂgﬁo (N/u?) 7890.17 9066.33

16



line parameters were then chosen. These are shown in Table 2. A uniform

mixing ratio of 0.1 ppm was used to calculate the absorbance in each
layer.

The total absorbance was 1,231378 at v = vg = 2090.796 cm ', cor-
responding to a transmittance (no convolution) of 0,29189. The absorbance
in layer 41 was 0,197407, or ~16%, and the absorbance between 18.45 and
20.49 km was 0.456708, or 37%. These values show that the absorbance at
line center is less peaked with height than the airmass, For Lorentz-like
lines, the absorbance at vg is Su/aﬁu Consequently the decrease in u with
height is offset by the decrease in a (because of decreasing pressure) and
the absorbance is "smeared out" with height. The degree of Lorentz-like
behavior for Voigt lines is determined by y in Eq. (13). Large y implies
a high degree of Lorentz-like behavior; small y implies mainly Doppler-
like behavior, The Lorentz-Doppler crossover point, y = 1, occurs at layer
63 for the sample line and atmospheric profile used; consequently, the
observed "smearing" is reasonable,

The above observations suggest that high-resolution spectra should
have better height sensitivity than low-resolution spectra because the
same effect which "smears'" the line center absorbance sharpens the wing
absorbance, which goes as Sux. In low-resolution spectra the observed
signal is a mix of the two and has intermediate height sensitivity. High-
resolution spectra are better to use to study the height-sensitive wing
absorbance.,

A second consequence of the "smearing" is found when the fine layers
are combined into thicker layers. Let consecutive layers .
f15 £25 « « . 5 bn with parameters (w ,T1,P2)s . . . 5 (Un,Tn>Pn) be com-
bined into one layer with parameters

n
u = 2: u; ,
i=1

=]

=Y u,T,/u , and (25)
=Y uB:i/u .

The new layer represents a less accurate approximation to the atmosphere
than the original layers. In order to save computation time, it is
desirable to use the minimum number of layers to calculate the spectrum.
Subroutine SNIDER is sufficiently fast, however, that no such concerns
apply to it. To test the sensitivity of the calculated spectrum to the
layer coarseness, the original 139 sets of (u,T,P), one for each layer
crossed, were combined into segments of approximately equal airmass, Each
new layer had an airmass as close to, but less than, U/Nge as possible,
where Nge is some integer. The calculated absorbances at three different
frequencies for several different values of Nge are shown in Table 3. It
is clear from these results that more layers are required at line center
than in the wings. This is because the result of decreasing Nge is to
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Table 2. Sample line parameters¥

Vo = 2090.796 cm™t

So = 0.189 X '107%° mol™ cm
0o = 0,110 cm™t

E" = 272,220 cm™t

m = 48 amu

*corresponding to the (6,13)-(6,14) line of the v; + v3 band of 1°0s,

Table 3, Effect ofj different layer thicknesses.

v(em™) Nge # Layers A(v)
2090.796 3 3 1.12296698
2090.796 9 7 1.20571646
2090.796 35 18 1.22967891
2090.796 - 139 1.231378
2090.806 3 3 0.204556963
2090.806 9 7 0.202129669 .
2090.806 35 18 0.20184368
2090.806 - 139 0.201829374
2090.816 3 3 0.0613707937
2090.816 9 7 0.0616293664
2090.816 35 18 0.0614016373
2090.816 - 139 0.0613723083
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produce thicker layers in the upper portions of the atmosphere where the
u; values are small, Since the line center absorbance is more sensitive

to these upper layers, the loss of detail has more effect on it than wing
absorbance values,

The program in Appendix A includes a subroutine called PATHST which
performs the layer combination. The parameter Nge is used to set the
fineness of the layers used to calculate the spectrum. As written, how-
ever, the subroutine combines the layers in such a way that each has an
airmass at least as great as U/Nge but as close to U/Nge as possible,
For the spectra in the next section, a value of Nge = 15 was found to be
acceptable, but Table 3 indicates that different values may be required
for different types of spectra.

The convolution portion of the program was tested on a flat
(ot/dv = 0) spectral region with a Gaussian slit function of the form

Von 2 [ (vt - v)2 &12]
exp|- - .

Gauss(V - T TR 2 (26)

Ve

A five-point initial trapezoidal evaluation was used to start the Romberg
iterations with a frequency extent of 8H. The T and M table entries cal-
culated for one run are shown in Table 4. A convergence criterion cor-
responding to 1% between the respective T and M table elements [see Egq.
(22)] was used. Only the diagonal of the T-table is shown since the
other elements are not calculated in the modified routine, The table ele-
ments must be multiplied by 2 to get the corresponding transmittance val-
ues, In this example, the routine went two iterations beyond the initial
trapezoidal and midpoint evaluations before converging, The final value
shows excellent agreement with the true value.

The routine was also tried on a Voigt line with parameters

Vo = 2875-90 cm—l

So = 0.0668 atm™ cm™ /cm
o, = 0.023176 cm ™t

E" = 400.00 cm™t

m = 36 amu

at a uniform pressure of 1 atm and temperature of 300 K. The total airmass
was u = 200 atm cm. Table 5 shows the results for 10 different observed
frequency positions spaced 0.2 cm™ apart. The second column gives the
calculated transmittance values with ¢ = 0,01, H = 0,083819 cm™*, and an
initial five-point trapezoidal evaluation that extended 2-1/2 H on either
side of the central position. By comparing values equally spaced around
2875.90 cm™ ' the consistency is seen to be ~0,00L, which is /10, The
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Table 4., A sample T and M table for convolution rou-
tine. (Table values must be multiplied by
2 to give transmittance value.)

JTteration

0.5284401 0.471553 0+, 4999981 0.4999976
0.4905153 0.5094798 0.4999971
0.5006297 0.4993649

T = 0,9999946 (exact = 1.0000000)

Table 5. Convolution results for a sample Voigt line convolved
with a Gaussian slit function.

Total ,‘ New

v (em™) Teon Iterations Points Points
2875.00 0.9984500 1 9 9
2875.20 0.9952382 1 9 3
2875.40 0.9944796 1 9 4
2875.60 0.9885907 1 9 i
2875.80 0.8511999 3 33 29
2876.00 0.8508019 2 17 8
2876.20 0.9872358 1 9 3
2876 .40 0.,994233h 1 9 i
2876 .60 0.9960335 1 9 L
2876.80 0.9964 2kl 1 9 i
TOTAL 72
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third column lists the number of iterations required for convergence of
the convolution integral. A value of 1 means that the convergence crite-
rion was satisfied on the first try. The fourth column lists the number
of monochromatic transmittances required for the convolution, and the
fifth column lists the number of new monochromatic transmittance values
calculated at each observed frequency. The increased density of points
around line center, where the monochromatic transmittance changes most
rapidly, is apparent.,

Table 6 shows similar results for the identical spectrum except with
a smaller frequency spacing., The fifth column shows the larger savings
in calculations for more closely spaced observed frequencies., For refer-
ence, the 10 points in Table 6 took 0.09 second of cpu time to execute.
This corresponds to 1.7 ms per monochromatic transmittance calculation,
A later sample spectrum including 55 atmospheric layers and 13 lines,
averaged 0,15 ms per monochromatic transmittance calculation on the OSU
Amdahl Computer.

Sample spectra for other sets of line parameters produced similar
results. It was found that extremely narrow and _strong lines requlred
con51derably more iterations than broad lines. This can lead to unrea-
sonably high numbers of iterations unless some maximum number of iterations
is specified; usually a value of 7 was used. When convergence does not
occur on the seventh iteration, the program outputs the most recent ele-
ment of the T-table, sets an error flag, and proceeds to the next fre-
quency position,

A variety of other tests were performed on the program, including the
effect of different convergence criterion values, More is said about this
in the next chapter, Overall the behavior was found to be satisfactory
but one persistent problem did arise; it was found that the convolution
routine would often converge prematurely. An example is shown in Table 7.
The rapid decrease in the number of iterations, in a spectral region where
the transmittance is not changing much, indicates a premature convergence.
This is verified in the T- and M-tables for these two points shown in
Table 8. The boxed portions correspond to the values in Table 7 where the
convergence criterion was 0.005 (or 0.5%). The larger values in Table 8
correspond to a convergence criterion of O 0001 (or 0.01%). The premature
convergence at 1900,05 em™t is seen to be due to a misleading resemblence
between the first T- and M-values. Subsequent iterations show the true
value to be considerably lower than these, which the more stringent con-
vergence criterion has picked up, This type of behavior is often encoun-
tered in iterative procedures, This problem was only detected when the
slit function width was much larger than the line widths, though in prin-
ciple it could occur in other situations. It was found that the problem
could usually be avoided by adjusting the convergence criterion and the
number of points in the first trapezoidal evaluation, The parameters can
only be set based on experience and knowledge of the spectral region, and
those lacking both these should indicate some caution,
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Table 6,

frequency spacing.

Convolution results for sample line with smaller

v(cm‘l) Teon Iterations £g?§§é ngi;s
2875.70 0.9694133 1 9 9
2875.74 0.9396371 1 9 Y
2875.78 0.8870856 2 17 10
2875.82 0.8118306 3 33 18
2875.86 0.7381039 3 33 3
2875.90 0.7074896 3 33 3
2875.94 0.7380002 3 33 3
2875.98 0.8117288 3 33 3
2876.02 0.8863926 3 33 3
2876.06 0.9391911 2 17 1
ToTAL 53

Table 7. An example of a premature convergence,

v(em™) Toon Iterations
1900.00 0.96867 >
1900.05 0.99230 1
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As a flnal check on the entire calculation routine, two sample spec-
tra were calculated under conditions similar to those used by Kyle and
Goldman.®> The observer was at a height of 4 km with the sum overhead.
The spectra for the 1900-1902 cm™t and 1930-1935 cm™! regions are shown
in Figs. 4 and 5, respectively. There are some differences in the condi-
tions between these spectra and the corresponding high-resolution spectra
of Kyle. Both have an instrument resolution of 0.1 cm ' but Kyle used a
triangular slit function and we used a Gaussian. Also, the values of the
CO> and HoO mixing ratios are somewhat different. The calculation routine
is currently set up for only constant mixing ratios, whereas Kyle used a

‘“decreasing H-0.mixing ratio with height. An attempt was made to fix the
CO2:H20 ratio in the lowest level, With a COz m1x1ng ratlo of 322 ppm
(volume),\thls gave. aﬁéo 1080 pom_ (volume) - Also, it “was found that

SNIDER will not work w1th a zenlth angle of Oe. mIn"splte 0f these dif- .

ferences _the. spectra show g@od agreement,\lndlcatlng the<twozrout1nes_<
~are\9qns1stent
t

In the next chapter, the spectrum calculation routine is used in a
brief study that illustrates some information analysis techniques for
experimental design,
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III. SOME INFORMATION ANALYSIS TECHNIQUES

A. IDENTIFYING 'BAD" PARAMETERS

The equations in the previous chapter describe how the appearance of
an atmospheric absorption spectrum depends on the physical characteristics
of the atmosphere and the molecular properties of the absorbing gases.
Assuming that the molecular parameters (line intensity, broadening coef-
ficient, line position, lower state term value) are known, the equations
predict what the spectrum will look like, given the atmospheric conditions,
This report is concerned with the inverse problem (i.e., inferring the
atmospheric conditions given the spectrum). It is clear that those as-
pects of the atmosphere which have no effect on the spectrum can not be
determined from the spectrum. Similarly, those aspects which have only
a slight influence on the spectrum will be harder to determine than those
aspects with a large influence, For example, consider the calculated
spectrum in Fig. 6. This 200-point spectrum corresponds to the same
observer-source geometry as in Chapter II-F with the 190-layer model and
Nge equal to 15 in Eq. (25). The COo mixing ratio was 322 ppm, and the
H20 mixing ratio was 3.889 ppm, Both were assumed independent of height.
The slit function was Gaussian, with a full width at half height of 0,02
cnt, This particular region contains contributions from nearly 150 COz
lines and about a dozen Ho0 lines, so it should be sensitive to the mixing
ratios of COz and H20. It contains no information, however, about the 0Oz
mixing ratio. A convergence criterion of 0.5% was used with an extent of "
0.05 em™ in the convolution. A more stringent criterion of 0.1% produced
an rms change in the transmittance values of 2.89 X 10™* with a maximum
of 0.003, indicating that the accuracy of the convolution is consistent
with the convergence criterion. A frequency spacing of 2 points per full
width at half height of the slit function was used.

Several atmospheric parameters were selected for investigation.
These are listed in Table 9 along with the two different values used to
study the influence of the parameter on the spectrum, The spectrum in
Fig, 6 corresponds to the upper value for each parameter and is referred
to as the reference spectrum, Eight new spectra were then calculated by
changing the values of the parameters one at a time. Figure 7 shows the.
effect on the spectrum of increasing the zenith angle from 95.2° to 95.4°,
The difference spectrum is shown in Fig., 8. The sum of the squares of the
differences for this pair is O.4Ll82, which is listed in column 3 of Table
9. The corresponding values are also shown for the other seven parameters.
These numbers are one indicator of how much influence a particular param-
eter has on the spectrum. Of course larger parameter changes produce
larger squared differences so the only valid comparisons between parameters
are conditioned on specific parameter changes; e.g., a 0.2° change in
zenith angle is more influential than a 2 K change in the temperature at
layer 41 (18,38 - 18.80 km). It is reasonable, therefore, to scale the
difference spectrum by dividing it by the size of the parameter change or
step before squaring. Let 6; denote the ith parameter with step A9;. The
procedure above produces a set of 8 quantities W;3, i =1, . . . 8 <
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Table 9, Parameter values used to compute sample spectra.

Parameter Values Y (ay)?
CO> mixing ratio 322 ppm 0.011773
354.2 ppm
Resolution 0.02 cm™? 0.062913
0.028 em*
Zenith angle 95.2° 0.44h82
95.4°
Temperature in layer 41 216.65 K 8.4118 x 1075
218.65 K
Temperature in layer L2 216.65 K 5.4798 x 1075
218.65 K
Temperature in layer 40O 216.65 K L.888 x 1077
218.65 K
Ground-level pressure 1013 mb 0.008109
1063 mb
Background value 1.0 0.10954
1.025
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where

N
S\ 2
His = 3 (310 - ¥i0) oo (27)
j=1 dJ dJ
with N the mmber of points in the spectrum, F(°) = (&io), e e yéo))

the reference spectrum, and i(l) = (yil), « . e yél)) the spectrum with

the ith parameter stepped by 29;.

These scaled and summed square difference values alone, however, are
insufficient to indicate how well groups of parameters can be determined
similtaneously. This is illustrated by Fig. 9. It shows the difference
spectra for changes in the temperature values T(41l) and T(42) for layers
41 and 42. From the similarity of these spectra and the assumption that
the change in the spectrum Ay is linear in A9, it is clear that a simul-
taneous increase of 2 K in T(41) and a 2 K decrease in T(42) will produce
a much smaller difference spectrum than either one in Fig. 9. Each change
tends to cancel out the other., This corresponds to a 2 K change in
[T(41) - T(42)1/2, with the average temperature [T(L41) + T(L42)]/2 held
constant. Similarly, a simultaneous 2 K increase in T(41l) and T(42) will
produce a much larger difference spectrum than either in Fig. 9. This
corresponds to a 2 K change in the average temperature, with the difference
temperature held constant, and indicates that changes in different linear
combinations of the parameters can have significantly different amounts
of influence on the spectrum. That, in turn, implies that some combina-
tions are harder to determine from a spectrum than others. Similar ob-
servations apply to linear combinations of all 8 different parameters.

The question arises as to whether there exists some linear combina-
tion

8
o= 3 w6y

j=1

which has the least influence on the' spectrum and hence is the hardest to
determine, Lees®® addressed this guestion in connection with attempts to
analyze methyl alcohol spectra. He found that changes in a particular
linear combination of the unknown parameters produced no change in the
spectrum, which he called a linear dependence, and he proposed a technique
for identifying these as well as '"near'' linear dependences. In order to
adapt this technique to the present problem, form the quantities

Wik = Jij:l <y§0) _ ygi))’ . (y§0) _ yg.k))/ﬁeiﬂ@k' (28)‘
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and place these in a matrix W, where the ith diagonal element is W;; from
Eq. (27) and the i - kth and k - ith element is Wji. This matrix is often
referred to as the information matrix®’ or the curvature matrix.28

To be more precise, W becomes the information matrix in the limit as

A8 = 0 and the quantities y(o) - y(lbiael become the partial derivative
of y with respect to 0; evaluated at 6p. W is therefore a function of 8g.

N _ . ACEY
For small simultaneous changes in the parameters 00, = E the surmed
Mg
squared difference spectrum is given by
S 5 [L,00) T
Q(AQ) = Z Aeiwiijs =,z yk.\ - yk‘(M) (29)
ij 'k

or, in matrix notation,
Q(A—é) =A_é'WA_é H

where ' denotes transpose., Lees proposes examining the eigenvalues and
eigenvectors of a modified information matrix W¥ given by

Wik = Wi/ \/W;iwkk .

Let the -eigenvector ¥ with eleménts A¥ correspond to the smallest eigen-
value of W*. The corresponding linear-combination of parameters is given

by

8
o= 3 N - 0; - Wiz . (30),
J=1i
When this eigenvalue is much smaller than the others, he says that it
indicates a '"near'" or exact linear dependence, Table 10 lists the infor-
mation matrix W, and modified matrix W* for the set of 9 spectra already
introduced. The eigenvalues and eigenvectors of W¥ were calculated in
SPEAKEASY with the command EIGENVALS, These are.listed in Table 11. None
of the eigenvalues is significantly lower than the rest, indicating that
there are no exact linear dependences among the 8 parameters in Table 9.
It is still possible to deduce the "worst" linear combination from these
results with the following restrictign:

For each of the 8 parameters 6; define a parameter step A9;
such that Q(A9;) = 1. Assuming that Eq. (29) holds, these

steps are given by A9; = 1/ \W;;. The appropriate steps are
listed in Table 12. Define new parameters {y} according to

Vi = ei/ABi .
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Table 10. Information matriées
Wi
ROW 1 1.1355E-5 0.034772 0.010634 1.2303E-5 1.0215E-5
1.0832E-6 5.7883E-6  -0.020427
ROW 2 0.034772 3932 ’ -1.6132 -0.090516 -0.072398
-1.8376E-k -0.,0091847 -70.879
ROW 3 0.010634 -1.6132 11.12 0.012685 0.010461
0.0011462 0.0059693 -22.043
ROW 4 1.2303E-5 -0.090516 0.012685 2.1029E-5 1.6957E-5
1.3054E-6 7.0995E-6 -0.021157
ROW 5 1.0215E-5 -0.072398 0.010L61 1.6957E-5 1.3699E-5
1.07&1@-6 5.8427E-6 -0.017702
ROW 6 1.0832E-6 -1.8376E-4 0.0011462 1.305L4E-6 1.0741E-6
1.222E-7 6.2136E-7 -0.0020892
ROW 7 5.7883E-6 -0,00918k7 0.0059693 7.0995E-6 5 .8427E-6
6.2136E-7 3.2436E-6 -0.011075
ROW 8 -0.020khk27 -70.879 -22.043 -0.021157 -0.,017702
-0.0020892 -0.011075 175.27
W*::
‘1 -0,165  0.946 0.796  0.819  0.920 0.954  -0.458
1 -0,0077 -0.315 -0.312 -0.0084 -0.081 -0.085
1 0.829 0.848 0.983 0.994 -0.499
1 0.999 0.814 0.860 -0.348
1 0.830 0.876 -0.361
[ SYMMETRIC ] 1 0.987 -0.451
1 -0.465
1
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Table 11, Eigenvalues and associated eigenvectors of l‘l* from Table 10,
Eigenvectors of W* (as colimns):

ROW 1 -0.02216 0.069408 -0.25559 0.74657 0.46191
-0.043359 0.015821  -0.39562

ROW 2 0.003852k  -0.032105  -0.052676 0.18343 -0.32712
-0.39618 0.3329h\, 0.06913

ROW 3 -0.008285 0.48954 0.71662 -0.13348 0.17436
-0.11331 0.1h197 -0.40684

ROW L -0.67639 0.08705 -0.093432 0.087113 -0.56248
-0.048948 -0.23103 -0,38268

ROW 5 0.7281 -0.,032767 -0.0074687 0.12842 -0.50117
-0.0L45501 -0.21962 -0.38829 ‘

ROW 6 0.062616 0.23679 -0.59867 -0.57696 0.2051k
-0.17077 0.13061 -0.40051

ROW 7 -0.088656 -0.83043 0.22346 -0.18346 0.17485
-0.,1211 0.068128 -0.41116

ROW 8 L 4771E-L 0.013133 0.03491k4 0.02346k4 0.095041
-0.88319 -0.40311 0.21564

Eigenvalues ofy*:-

(1)
(2)
(3)
(L)
(5)

1.0655 x 107%
0.0016232
0.010273
0.06473k
0.29085
0.68626
1.1985

5.7477
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Table 12,

Parameter steps producing a summed
squared difference spectrum equal
to 1, assuming Eq. (29) holds.

(1)
(2)
(3)
(&)
(5)
(6)
(7)
(8)

296.76 ppm (CO2 mixing ratio)
0.015948 cm™ (resolution)
0.29988° (zenith angle)
218.07 K AT(k41)

270.18 K AT(42)

2860.6 K AT(40)

555.25 mb AP(0)

0.075535 (background)
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For these new parameters, a unit step in ¥, produces a
Q(Ay) = 1. Now consider the set of all linear combinations of
steps in the {¥} of the form

-~

ci Ay \
Ab = cala -
¢l o
such that

SeF=1. (31).

The set of steps A_tii, with

?'- Ci=l

=03 143,

belongs to this set of A% satisfying Eq. (31), and for each A%;,
Q(A%;) = 1. In a sense, steps A® satisfying Eq. (31) are all the steps :
of the same "size," in terms of parameter changes. From the theorems on
quadratic forms29 it can be shown that the extremal values of Q(A%) for
all Ab correspond to Ab's whose {c;}.values are the elements of the eigen-
values of WY, Consequently the smallest Q(A%), and hence smallest change
in the spectrum, for all parameter changes of the same "size" as those in
Table 12 results from: :

g

N [t ki - 1

e
S

e T : R
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Apin = [-0.02216 X 296.76 ppm
" 0,003852L X 0.015948 cm™* ‘
-0,008285 X 0.29988°
-0.67639 X 218.07 K
0.7281 ~X 270,18 K ;
0.062616 X 2860.6 K
-0.088656 X 555,25 mb
4 h771 X 107% X 0.075535
=|[~-6.576 ppm | | . |
o.000061hu§cm‘1 ,
-0.002L8L5°!
75K :
““156“7‘12’
179.LK [ ) 1
-u9.23 m i
3.382 x 10%5 §

The most significant aspect of this set of parameter changes is the tem-|
perature steps. The temperature in level 41 is decreased by 147.5 K whlle
the temperatures in the two adJacent layers are increased by approx1mately
the same amount. This zigzagging of | the temperature profile 1s a problem
that often occurs in profile retrievals.®® The summed squared dlfference
spectrum corresponding to this '"worst" set of parameter changes is glven
by the corresponding eigenvalue from' Table 11; i.e., 1.0655 X 1074, It g
is seen that this is smaller than most of the values in the third column
of Table 9, i
4

The same quadratic forms theorem allows the identification of the
set of parameter changes Aﬁmax leading to the largest change in the spec;
trum. It is given by the eigenvector associated with the largest eigen-.
value of w* From the eighth column,in Table 12 it is seen that A@max
corresponds to simultaneous decreases in CO- mixing ratio, zenith angle,)
ground level pressure, and all three'temperature values, All of these
changes tend to decrease the amount of absorption in the spectrum and hence
add together to increase the summed squared difference spectrum. _The net

change in the spectrum is more than 50,000 times larger than for A@mln ;
{

i
'
i
i
!

i
E
I
!

B. ESTIMATED PARAMETER UNCERTAINTIES

Another useful property of the information matrix W is related to the
uncertainties in estimates for the values of the unknown parameters to be
determined from an observed spectrum Jopg. If y(8) is the calculated

i
t
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spectrum for the set_of parameter values 5 then one estimate‘for-the
true parameter values corresponding to ybbs is the well-known least-sguares
estimate é. This is given by the value of 6 which minimizes

N i N 2
Z [yo'bs,i - y(e)i] .
i=1

Ay ~-
If the.rms:noise value is c, ther the asymptotlc varlance covarlance =
e AN R M & LT
matrix for § is

/\\ t
. 2, -1
1S = 0 W, ‘
~

where W is evaluated at 8.

The matrix in Table 10 can therefore be used to estimate, for a given
noise level, how precisely the eight parameters in Table 9 could be ob-
tained from a spectrum similar to that in Fig., ¢.. Attempts to invert W,,
however, led to warnings by the inversion routine that the matrix is
nearly singular and the calculated inverse may not be significant, This
implies that numerical difficulties would be encountered while trying to
retrieve all eight parameters, If several of the parameters are con-
strained to glven values, this eliminates the correspondlng row and column
from w. In. general thls:ﬁgﬁegfretrleval of the other ‘parameters eas1er
The effect of various sets of constralned parameters were studied by 7|
eliminating selected rows and columns and then trying to invert the re-
sulting reduced matrix, Some of the results obtained are listed in Table
13. It is seen from the column labeled 3, that if only the COz mixing
ratio, resolution, and zenith angle are determined.from a spectrum like
Fig., 6 with 1% n01se, the respective uncertainties are 10.5 ppm, O. 00018’
cm_l, and 0,0105°, If the noise is 2%, the uncertainties would be twice
as large. Any attempts to determine more than one temperature value
always led to very large uncertainties, as compared to the cases where
only one temperature was determined., This is consistent with the conclu-
sions in the previous section. Trying to determine T(41) and T(42) is
the same as trying to determine their difference and average, Yet the
temperature difference is very hard to determine, and this gives rise to
increased uncertainties in T(L41) and T(L2).

'

Another way to think of this problem is to consider the addition of
a constraint as an injection of information into the analysis, The addi-
tional information spreads out over the variance-covariance matrix and
leads to smaller uncertainties in the unconstrained parameters., The ex-
tent to which the constraint of a'9; improves the retrieval of 6; is deter-
mined by the correlation coefficient between 6; and 6;. This is given by

S15/VS11855

It is also seen in Table 13 that attempts to retrieve the zenith angle
and the ground level pressure P(0) produced inversion problems and in-"
creased uncertainties, From Table 11 it is seen that this corresponds to
the second "worst" parameter combination (column 2 of eigenvectors). Its
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corresponding eigenvalue, though larger than the smallest, is still 5,000
times smaller than the largest eigenvalue and therefore corresponds to a
set of parameter steps having a small effect on the spectrum,

The above techniques of information analysis explore the quality of
the information in a proposed set of data. They can be used, therefore,
to compare different experimental designs by comparisons of the informa-
tion in the data produced by the different designs. This function of the
techniques was employed to study the effect of decreased instrument res-
olution on the information in the spectra analyzed above,

C. LOW RESOLUTION INFORMATION ANALYSTS

The calculation steps of the previous two sections were repeated
with the parameter values in Table 14, The new reference spectrum is
shown in Fig. 10. This spectrum contains 4O points from 1900 - 1902 cm™*
which is 2 points per full width at half height of the slit function.
Clearly, since there are five times more points in the high-resolution
spectra, the summed squared difference spectra should be correspondingly
higher, Any deviation from a five-fold change is an indication of dif-
ferences in the influence of the parameters on the spectrum. The ratios
of the summed squared difference spectra are listed in column 4 of Table
14. Only the value for the resolution is less than the expected value of
5. Since both resolution changes were +4%, this implies that the low-
resolution spectrum is more sensitive to percent changes in instrument
resolution than the high-resolution spectrum. Similarly, the large value
(9.23) for T(41) indicates that the low-resolution spectrum is less sensi-
tive to changes in the temperature in layer 41 and hence should yield con-
siderably larger uncertainties in this parameter. Table 15 shows some
typical standard deviations for the low-resolution spectrum. It is seen
that the uncertainties are larger than for the high-resolution spectrum,
especially the temperature uncertainties.

Table 16 shows some of the results of a Lees-type search for the
"bad" parameters, The lowest eigenvalue of the modified information matrix
corresponds to the zenith angle and P(O) values and the second lowest cor-
responds to the zigzagging temperature values. This is a reverse in order
from the high-resolution case for the two "worst" combinations. Once
again, however, the best combination is a simultaneous decrease in COz
mixing ratio, zenith angle, ground-level pressure, and all three tempera-
tures. The variation from worst to best corresponds to a change in summed
squared difference of better than 100,000,
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Table 16. Some eigenvectors and associated eigenvalues of modified
information matrix for low-resolution spectra.

Eigenvectors:

(1) (2) RN (8)
0.0083607 0.05296 ~0.393k
0.025936 0.007Lk088 0.11675

-0. 70477 -0.13512 -0.39486

-0.16379 0.65338 -0.38916

-0.17926 -0.70975 -0.39096

-0.016959 -0.06559 -0.38969

0.66577 0.20956 -0.3954k

-0.0071575 0.0028461 0.25133
Eigenvalues:

(1)  5.397 x 1073
(2) 1.4169 x 107%
(3) 0.0062167

(k) 0.020332

(5) 0.12136

(6) 0.h5162

(7) 1.134

(8) 6.2663




IV. CONCLUSIONS

This report has described the operation of a computer program for
calculating atmospheric absorption spectra for slant paths through the
atmosphere, using as input the AFGL line parameter listing. This program,
unlike many others, was specifically written to employ an efficient means
of including the effects of instrument spectral response functions. In
addition the routine is written so that the precision of the convolved or
degraded spectral values can be varied to match the noise level of observed
spectra. The program was tested and compared to calculated spectra from
another source and found to be working correctly.

Some information analysis techniques were then applied to a particular
example of slant path spectra., The analysis included an identification of
the "bad'" parameters and estimated uncertainties for possible sets of un-
known parameters. All that was required was a set of spectra gnd the cor-
responding conditions for each spectrum, With the aid of a few simple
matrix operations the character of the information in the spectra was
quickly determined, These techniques are simple and versatile and could
be used on many different types of data, both simulated (as in this study)
or observed,

The analysis indicated that trying to retrieve closely spaced temper-
ature profile values can lead to large uncertainties in the temperature
difference, Problems were also found with simultaneous retrieval of the
base level pressure and apparent zenith angle., By analyzing a second set
of spectra at a lower spectral resolution, the loss of information with
loss of resolution was investigated. In particular, the loss of tempera-
ture information was found to be more pronounced than that for the other
spectral parameters considered,

L7






APPENDIX A

THE SPECTRUM CALCULATION PROGRAM

The basic layout of the program is shown in the flow chart (Fig. A-1).
The four basic parts are (1) a main program controlling input and output
and calculation order; (2) the Snider-Goldman slant path program (subrou-
tine SNIDER and associated subroutines called within SNIDER) for calcu-
lating the path of radiation in an inhomogeneous atmosphere; (3) subroutine
PATHST for converting the output of SNIDER into a series of layers with
specific airmass, temperature, and pressure values; and (4) subroutine
NSPEC for calculating the spectrum. All of the source statements for
these parts are listed at the end of this appendix,

I. MAIN PROGRAM

There are three basic sets of inputs needed by the main or control-
ling program; these are listed in Table A-1, The first consists of the
input parameters for the Snider-Goldman routine; these specify the
observer-source geometry (AIAT, Z, HOBS) and the atmospheric profile
(LEVELS, H, T, P). Since SNIDER produces its own pressure profile by in-
tegrating the hydrostatic equation and using P(0) and the temperature
profile, only the first pressure value is used, )

The second set consists of parameters needed by PATHST. These are a
value for Nge, which determines the smallest airmass in a layer of [total
airmass/Nge], and a set of values, R(1), R(2), . . . , R(5), for calculat-
ing the mixing ratios in the layers. As currently written, only constant
mixing ratios are allowed, but other types can be easily included by suit-
ably modifying subroutine RMIX. Also, provision has been made for only
five absorbing species but others could be included.

The third set of inputs are values needed to control NSPEC, These
include the upper and lower frequency/positions, VU and VL; the number of
observed frequency values, NVO; and the parameters which control the con-
volution routine. These latter are discussed more fully in Chapter IIT
describing subroutine NSPEC, Also included in this set is the unit number
for the line parameters, This parameter must be passed to NSPEC which
controls the input of the line parameter data for the spectrum calculation.

The output from the main program is in two parts. First is the cal-
culated transmittance values starting from t(VL) up to 7(VU). Second is
a series of error codes. The subroutine ERROR called in the last state-
ment of the controlling program dumps the stored error code mumbers for
any errors which may have occurred during execution of previous steps.
These code numbers are in the order in which the errors occurred, and may
be interpreted by referring to Table A2. No claims for completeness are
made for this list of errors. An attempt was made to write self-correcting
routines into the program for some of the more simple errors, but there .
are undoubtedly many which have not been corrected for. The first output
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Input observer-
source geometry

l

Read atmospheric
profile

Subroutine SNIDER
and associated
subroutines

Calculate ray path,
including refraction

Set-up airmass,
temperature, pressure
values for layers
‘(combining thin layers
if so needed)

|

Input spectral
parameters

l

Calculate spectrum - Subroutine NSPEC

Subroutines
PATHST, RMIX

o

Fig. Al - Overall program logic

-

50



Table Al, Inputs to main program,.

LEVELS

ATAT

HOBS

NGE

LUNIT

EPA

EXTNT

LINTOP

‘Lower frequency position in cm™

Number of levels in atmospheric profile (must be less than

190)

Latitude of the observer (in degrees)

Apparent zenith angle of incoming ray (in degrees)
Observer height (in kilometers)

Integer for structurlng layers for input to spectrum calcu-
lation routine

Unit number of file containing line parameters. This must
be the same number as in a JCL DD card; e.g., if LUNIT = 11
then there is a DD card of the form //GO FT11FOOL DD . . .
1dent1fy1ng the line parameter file., -

Atmospheric profile where H is the height in kilometers, T
is the temperature in Kelvin, and P is the pressure in mb,.
These are on unit 10 (see above).

An array of mixing ratio values, As currently written it
requires five values R(1), . . , R(5) for the volume mixing
ratio of each species; i.e., (molecules of absorber)/(total
molecules).

1

Upper frequency position in cm™*
Number of observed frequency values

Set convolution 1terat10n limits (see write-up for subrou-
tine NSPEC)

Convergence criterion, This corresponds to the estimated
uncertainty in the transmittance values.

Sets the integration limits for the convolution. It is
given as the number of B values (see below) in the integral,
Resolution width in em™!, As currently written this value
is half of the full width at half max of a Gaussian slit
function.

Sets the maximum number of lines contributing to. any one
spectral value (must be less than 200)
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Table Al (continued)

TTOP Sets the maximm value of the absorption coefficient. When
a calculated absorption coefficient exceeds TTOP, the cor-
responding monochromatic transmittance is set to zero.

NTST Integer debug flag used to output intermediate convolution
results.
NIST = O normal operation
NTST = 1 the M- and T-table values are printed out on

unit 13 for each step of each convolution
NTST

Il
n

the monochromatic transmittance values and
. corresponding frequency positions are printed
_-out o unit 14

The NTST = 2 function has been removed from the version
listed in this appendix,

All input is done with unformated READ statements so that there are no
specific format requirements for the input cards,
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Table A2, ZError codes for subroutine ERROR.

Code No.

Description of Error and Action Taken

10

11

LEVELS value is greater than 190. LEVELS is set to minimum
of 190 and LEVELS.

SNIDER could not find index of atmospheric layer containing
the observer. Execution terminated,

SNIDER could not find index of atmospheric layer containing
the source. JHT is set equal to LEVELS, where JHT is the
variable labeling the index of the source layer. This is
equivalent to assuming the source is at the top of the at-
mosphere, '

Zenith angle is incorrect for specified observer-source
geometry; e.g., Z > 90 but HOBS > Hgoyrce. Execution ter-
minated.

SNIDER has looped 10 times trying to find astronomical
zenith angle without success to 0.00L, Execution termi-
nated [see Ref. (10)].

GAMMA = O in subroutine OM. Execution continues; results
may be in error.

Error in OM, not #6 above. Execution continués; results
may be in error, : ’

Error in subroutine OPT1l, Execution continues, results may
be in error.

FTOT in subroutine PATHST is less than or equal to 0,001,
indicating that essentially no airmass is in the path.
Execution continues; results may be in error,

NM in subroutine NSPEC was specified too large. NM is set
to minimum of 7 and NM.

Failure to converge in convolution routine of subroutine
NSPEC for current value of frequency position and specified
maximum number of iterations. Execution continues; current
value on T-table main diagonal is used as transmittance
value,
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Table A2 (continued)

Code No. Description of Error and Action Taken

12 NLINES equals zero in subroutine”NSPEC, indicating that
there are no active lines at the current frequency posi-
tion. Execution continues; transmittance value is set
equal to 1.

13 The number of active lines, NLINES, is greater than LINTOP,
the capacity of array IACTV, Execution continues; enough
lines are kicked out so that NLINES equals LINTOP, .

1L VU < VL. Execution terminates,
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value from ERROR is the number of type 11 errors which occurred. Since
this is a common error and may occur many times, only the number is kept
and not the sequence, Use of NTST = 1 may be used to check specific fre-
quency positions,

II. SUBROUTINE SNIDER

Questions about the operation of this part of the program can be
answered by referring to Ref, (10). A few minor changes were made in the
program listed in that reference in order to run it as a subroutine.

The most important change involved collecting all the error correc-
tions into the error code listing (Table A-2), Also the profile input
section was modified.

In addition to these changes, statements were inserted to cause
SNIDER to output the individual layer parameters (T,P,u) as it traced the
ray through the atmosphere, This is done by calls to subroutine POUT.
The layer parameters are stored in the array UED, PED, and TED kept in
blank COMMON.

An attempt was made to preserve as much of the flexibility of the
Snider-Goldman program as possible, This includes the option of specifying
the astronomical zenith angle and having the program find the corresponding
apparent zenith angle by an iterative search. To use this facility, the
input to SNIDER must be changed so that LSTOP, the Lth input value passed
to SNIDER, is equal to 1; see Ref., (10) before using this option.

One minor problem encountered with SNIDER during debugging is that
it will not run with an input zenith angle of zero,. The associated sub-
routines are OM, OPT1, ASINX, ZCOMP, QUAD, GETT, and POUT,

ITT, SUBROUTINE PATHST

This subroutine takes the individual layer parameters stored in UED,
PED, and TED and rearranges them into a set of layers with nearly the same
airmass values stretching from the lowest layer crossed by the ray up to
the highest level,

First it sums all the airmass values to get FTOT, the total airmass.
It then folds the parameter arrays to combine contributions from the same
layer that occurred during the descending and ascending portions of the
path, if the zenith angle is greater than 90°., It next starts from the
lowest layer and combines the contributions of the next highest layers
until the summed airmass exceeds FTOT/Nge. A call to subroutine RMIX re-
turns a set of mixing ratio values for this composite layer and then the
program begins combining the next layers until the airmass again exceeds
FTOT/Nge. The recambination continues throughout the entire path., The
resulting modified set of atmospheric path parameters is stored in U,
PRES, T™MP, and RMIXR in blank COMMON.
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IV. ©SUBROUTINE NSPEC

This subroutine takes the path parameters from PATHST, the line pa-
rameters from unit LUNIT, and the frequency and convolution parameters
from the SUBROUTINE call and calculates the transmittance. The file of
line parameters has been created by a separate program BOB listed in
Appendix B, These consist of (1) the lowest frequency at which the line
has significant absorption, (2) the line intensity, (3) the pressure-
broadening coefficient, (4) the lower state term value, (5) the molecule
code number, and (6) 1/2 the frequency range of significant absorption by
the line, The program has a set of arrays in which the parameter values
of the active lines are stored. The input file is sorted on the lowest
contributing frequency values and NSPEC proceeds from the lowest observed
frequency value, VL, to highest value, VU, The input file is processed
in sequence and the active lines are sorted by NSPEC according to the
highest frequency at which they have significant absorption, Because of
this double sorting (i.e., sorted input file and sorted active list),
when the transmittance at a.new frequency position is to be calculated,
the program needs to check only the first active line to see if any lines
need to be removed from the active file. If the first line is still
active at the new frequency, all the other lines are also still active.
This eliminates the need to check every active line at every frequency
position. If the first line is no longer active it is deactivated and
the next line is checked., This continues until all lines which are not
active at the new frequency position have been removed, The program then
checks the next line in the input file, If it is not active at the new
frequency, none of the lines below it in the file will be, and the program
proceeds to calculate the transmittance. If the new line is active, it
is inserted into the active list in the proper sequence and then the next
input line is checked, This minimizes the number of checking operations
required to maintain a correct list of active lines, Also, by not storing
the parameters of inactive lines in core, the overall storage requirements
of the program are reduced considerably.

In additien to the input parameters, the program stores the molecular
masses (in amu) in the drray FMAS., This value is needed to calculate the
Doppler width. The active line parameters are stored in the arrays VO,
SO, AMAS, ALL, EPP, MOLNM, and CENTW. Instead of sorting the elements of
these seven arrays, an array of indices is kept, called IACTV, and these
are kept in such a way that the order of the elements in IACTV determines
the order in which the lines have to be checked for possible deactivation.

In order to calculate the convolved transmittance, t.on, at observed
frequency position, v;, the program must calculate the monochromatic
transmittance, tyon, @t frequency positions vi, . . . , Vg (refer to Fig.
2). These are then multiplied by an instrument response (or sTit) fune- -
tion value and summed to give Teon. TIhe storage of the Tmon Values in
array T proved to be the most logically involved aspect of the calcula-
tion. The actual values are calculated quite simply using the Hui et gi.zs
Voigt routine and summing absorption coefficients by layers and then by
active lines in two nested DO-loops. The slit function value, called WT,
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is evaluated, multiplied by the 1o, Values, and summed in another loop.
The problem is how to store the T, values so as to be able to retrieve
them efficiently. This is all done by proper arrangement of the values

in the array T.

First, the maximum number of Tyon values is determined from NO and
NM according to NTCT = 2 - oMM 4 1. The Tmon Values will then be stored
in the first NTOT elements of T as'if each position in T were a_frequency
position with a spacing between elements of DELVC = EXTNT * H/2NM+1. This
spacing fits the NTOT values into a total frequency range of EXTNT X H,
where H is one-half the full width at half height of the slit function.

To start off the calculation, the first element of the T-table is
evaluated using NO to determine the number of points, as shown in Table
A-3, Also listed are the mumber of new points (i.e., Tmon values) used
in subsequent iterations., The index n along the left-hand side of the

table is used by the program to determine the maximum number of iterations.

When the n value exceeds NM, the convolution stops iterating and takes
the convergence failure error route,.

For example, when NO = 1 and NM = 5, the first trapezoidal rule
evaluation is made with five points. The corresponding tyon vValues are
loaded into T. The next step involves a four-point midpoint rule evalua-
tion. These two values are checked for convergence. If the convergence
criterion is satisfied (AMTS.LE.EPA), the convolved transmittance value
is loaded into the array TCI. If there is no convergence, an eight-point
midpoint rule evaluation is done and the T- and M-table values calculated
and compared. The procedure continues until convergence or until the
32-point midpoint rule value is calculated, After this value, the con-
vergence failure route is taken, In this way, up to 65 Tmon Values would
be calculated and loaded into array T in order of increasing frequency
position., When moving to a new observed frequency position (next VI
value), the new tyo, values that need to be calculated are written on top
of the old T1y,, values which are no longer needed. In this way space is
conserved and the values of T can be efficiently retrieved.

As currently written, NSPEC generates its own observed frequency
positions at which to calculate 1,5, values, This can be easily changed
to calculate T,on values at specified nonuniformly spaced frequencies by
passing the array of frequency positions to NSPEC and changing the scalar
VI to an array V(I) of these frequency positions,
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Table A3, The number of points in the first trapezoidal
evaluation for different values of NO,

« Mo
n\\ 0 1 2 3 L 5
o o“ § 3
1 2 5
2 | L L 9
3 i 8 | 8 | 8 | a7
L ! 16 16 16 16 33
> | 32 32 32 |, 32 |.*32 65 + -
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110 FORMAT (FBeSylXeFlle591XeI3)
566—CONTEHNUT

CaLL £RROR{1l,1)

END
———SUBREBUTINESNIBDER LV EE S A LA T NEP T S TOP BRI+ B2+ BB 35 BB 4y NLOPT)
DIMENSICN vaRCOM(2C0) 00000010
oM NST OGN P26 06060020
DIMENSION H(2GCC) sT(20C) 9GRAD(200) +GAMMA(200) 00000630
—DO M EMNSTEN—Z 25 SASACACAGAVA SS,
DIMENSION THETAS(Z200)yDELTH(200) 00000050
BEMTNS N5t STRA 268 0606606€0
DIMENSION AIRS(200) 00000070
BEM=NSTEN ESTRA266 866606680
DIMENSIUN RHG(200), ZRHO(200) 00000090
B M NS T ER—X4P TS5+ o 86569166
ReaL*=8 TITLE(L13) 00000110
oMM BN—ASEANT/VARECEM 80000126
COMMON rmoePoT 00000125
———ESU VAL ENCE AR EE M 6 VAR EBMEZ I A R W T VAR EBM 3y 060081 30—
1 RSTAR} {VARCOM (4} 4sRADIUS)y (VARCOM(5)+CONSTL1),(VARCOM(6) 00000140
ZVI\PTS\.LIIY\VHI'\LG"(}.LIVHUﬂI\LII’\VvT\b‘ll\lOI,rHKg;
EUIVALeNCE (VARCUM(2C)REFAM) 00060160
REA—1P 86606170
FCHALLGOCOFL)=(1,C+Q000FL/2.C)%(1.C+2.0%Q000FL*=(1.0+Q0C0FL/2.N)/3.,0000001¢80
I 0+ G0 6332 86606196
FCNe {wCulrl)=2.0%L001FL* (1. O+QOOlFL/2 O)/3 0 OOOOOZOO
103FL*GOCS5FL) 00000220
—————————FHE L GG R L G E TR =R 006 F (1 0= Q CO ML) 31+ 0~ 00T F L3 ROD6 F /66 ——00000230—
FHC{X)=GPHI * X/(RADIUS + X) 000060240
R 2= AL TSN H———01} 00000250
NTATAz=> €0000260
AR E—6 90000270
MTATA3=6 00007280
RADSEC=+ 2062564806455 56000290
RADLON=.174532925E-01 00000300
FAKE==100306000+0 - 0006608310

Q
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XPTS(1)=-4486562347572+C0 Qoognr32c
XTS5t =33 56046935 +60 06666330
XPT3(3)=-41193C9593E+(CC 00000340
X5t 153395935+65 666648356
XPTS{5)=e330604693E+00 00000360
*PT5to=+<466235757E+G0 0066003706
WOHT{1l)=e056622491E-01 00000380
AGHT =+ 18G336786E+00 606060390
WodT(3)=.233955967E+00C 00000400
WGt =<2 33556967536 466604106
WOHT(5)=.18C382786E+00 00000420
wotTto=+3566224915-01 60060430
AVNMB= 602257 EZ26 00000440

LeveLS=MINC(LEVELS,190)

W

AT L BTN
CUIN T 438N UC

READ (NTATAZ241C21) (TITLE(I)l1I=1413)

060066450

00000460

DELTH( LEVELS )

FERMAT I3 A5) 00060470

ALTGRH=1.0 Nno00o0s5 10

PRI —=ACAT == RADCEN 00000530

A = 637816040 00000540

B —.0350773*0 0CO00550

R SWRT (A4 ({COS(PHI) k2 + (SIN(PHI))“*Z)/ 00000560
““’"‘1?1—1F5ﬁ?*ﬁﬁy?f?HTTT**9—“*_***?*T§TﬂfﬁﬁfﬂT*'“ 00000570

X CO0S(2.0 = PHI) 00000610

Y——=—CE5 40— P+ 06060620

G = 980 6160 { 1.0 =( N.0026373 0.0000059 00000630

G UI LUJ.U GCGOG{)'{’G

PARTGZ = 34085462 E-06 + 2.27 E-C9 2¢C E-12 00000650

C RabsS—2+0——G—F/—PARTGZ 060606606

RADIUS =R 00000670
RSTFAR=8314+39 06660680—

AIRAT=284566 00000690

EEHSTH=A T A STAR 8-65-667E6

GcE = G.80665 0000C710

GPHI = RABDIYS——G—/-GEE 060607120

DU 1 I=1euEVELS 000Cc0800

(I )=pP {4100, 900008-10

HITI)=H(I)*100C. 00000820

CONTINUE So000830

CONTINUE 00000840

AP Ed-v 5o P11 )=—101325+0 20000850

DO 1050 I=Z24+LEVELS 000008EC
—~——————6#EE—GE¥¥+H+&—%AﬂH+44ﬁﬂ+4‘44ﬂ¥444ﬁ444*%ﬁﬂ41444————————————————-———9@996849———

1090 CONTINUC 00000880

HAA T ORI  66y - S6+ 180 a¥alaVataN-Rota

1100 CONTInUE 00000900

B3 125—TI=1y L EV-ELS 606009-16

H{TI) = FHCIH(I)) 00000920

P z5—Cer-INUE 806068936

1150 CONTINUE 00000940

e —F=r~y+tE S 568500956

GRAD(I-1)=(TA(I)=-T(I-1))/{H{I)-H 000C0960

———GAMM AT CONS T A GRAD -+ 50800976

DELTH (I-1)= H(I) -AdA(I-1) 00000980

CG“J‘TLI“U\_ 0000099

GAMMA(LEVCLS) = 1, 00001000

-GRAGHEv =5 ¥ 86661515

= 0.0 000G1020

——————SIMRH—=w G 8086616306
DO 1190 I = 1lsLcVELS 00001040
TtV LT FEVENTYE.] DL T} (DT TAN faVa¥aVolk Wall -¥a
TRt =RV INTTOD LIS I S A A W At 2 ¥ A ISASASACY woasav)



SUMKRHG = SUMRAC + ZRHO!

IV %= DELTH (I)

000010&0C

T190 CONTIRUE 00001070
RHO(1) = £4ZRnO(1) 00061Gc8o0
OMSTRG = 1-C =t REASTII—7—2+54T7552 1T €25 ) 00COoYT090
DO 124390 I=2,LEVELS 00001100

Attt oM tat Dy Rt I D Rt DS T I=0 ) GAMMA tI=1 ) OMEGAT  DUMMY 00001 110 —
NLC =1-1 000011 20
GMSTRACNVECOI=0MEGA 8000136
RHO(I)=RHO(I-1)%(1e0-0OMEGA) 00001140

S i () 56 () ME [} =1 0000 50—
) 00001160

200 CuNTHNYE 000011 70—
AIRS(LEVELS)=0.0C 00001180
66—1225—I=2yLEVELS 500611 96—
IND=LEVELS+1i-1 00901200
A RSN G=A IR SHHING A TRSHEN G+ 86661+216

1225 CUNTINUE 00001220
STARD-—=—AIRS{1) 86061230

C REFAM = AIRS(1) 00001240
REFAM-—=—2515335-F£29 06061250—

1243 FORMAT(1A1) 00001420
HNe=—1 06661436
ALTORH=1.0 N00C1470
AL BT+ 615016 06061475——

1250 CONTINJe
5B3=E5531526~+€ 000614960—
D04 = DDO4*=10GCC.0 00001500
NBP——6 0561516

MP=LSTOP+1 00001520
NT+=05 00001530—
LINC=-1 00001540
G125+ 125+ 1257+ 1256 1666 ~—dMP

1226 GU TO 1400 00001560

1257+ Bo—4 56— =1+56 —868615+0
NTF=0
NEOP—=nrEEP——1 860616 1-0—
IF {(NLOP.GT.NLOPT) GO TO 14CO 00001620

129 7—CONTENYE 000 2
I10=0D1 00001640
OHGHT=DD3 00001660
HoHT=0% 800016 70—

1258 WAVelL=0D2 00001680
20=15S5 80061696

1270 IF{ALTORH) 1280,1290,12890 00001700

2o OnSH =t torsHT 06661716
HGHT =FHC( HGRT) 00001720

25 0—CONFIdc 860061736
ICS=10 00001740
=55 6081750

1295 CDNTINUE 00001760
IF (NTF-1C) 1296+12G64+4700 00001770

—31296—CoNThLvdE 000-617-80
SECT2=C. 00001790
SECTF3—=0<C 96861800
SECT4 = C.0 00001810
RSA==3v 89083826
0SAVE=0. 00001830
RSAYEZ —Gob 200001840
TSAVE= UQeu 00001850
HDIFF =050 ———— 06001-8-656
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HTAn = C.C 00001870
T+ =——773+15 500018806
To=T?P 00001890
o=+ RASE G 86061966
UTEMP=1ed/ dAVEL=RZ 00001910
EFt——uwu 06601920
E1l=.CC0064328+.C0294981/(145.,0-UTEMP ) +.0G02554/(41.,0-UTEMP) 00061930
B3 6—ThT=2+LtEVELS 006061940
IF(R{IAT)=-0RGAT) 1380132541325 00001950

Vallnd Uln ullh SN N ol

FaV oVl W A1

v
4]
.
a)]

oI LN

CALL eRROn{z50)

RETIRLY

UUUUI. 70U

WETTTUTNN

1325 InT=IdT-1

00001990

—————— €A e E T H T Ty BHGH TP HT PO By T HT T HT 000026 60—

RHOP = AViWMp PCa/( RSTARZXT(IHT)) 00002010
RrtEMt =P 8660626206
TP = TU IdT ) 00002030
B6—1335—INB=—25tEVELS 00002640
JHT=1IKD 00002050
TRt HT I =HeHT 13353 134071340 66002666
1335 CONTINUE 00002C70
CHtT ERROR13+5)
1337 FORMAT(20H UPPER HEIGHT RESET) 00002090
I330—Jnmi=1I~Nb 00002100
1340 CUNTIwUE 00002110

—ESTR—t—=FERE—c T OMSTREG ) 006002120
DU 1350 I=2,LEVELS 00002120
ESTRTI=FCRNEtEST R34 STRAtT=1t1 96662140
1350 CONTINUE 00002150
diS=t1 00002166—
HMINA=OHAGHT 00002170
TFAZ0SstEs9 8o TF tHOHT=0HGHT+ 35 450046003 1373000021 80—
CALL UM(OHGHT s H(IHT) s HIIHT) ¢ TLIHT )y GAMMA(TIHT) OME ¢ XXX) 00002190
EC=FEREtESTRITHT I 5ME) 06062266
ZCRIT = ASIN ({10 + ESTR {1} ) = { 1le0 — OHGHT / RADIUS } / ( 1.000002210
I—+—t6— 20062220
ICRIT=3.141592653-ZCRIT 00002220
25+ T ZER T T+ 000 0 T OHGHT A+ GHT++ 05 ) 450054606+ 135700002240
FVAL =SIN(ZGC)=(14+EQ)/(RADIJS-0HGET) 000062250
LI S vVie T LIt INUC L TTY J\HULUJ L EaL™ UV UL OvY
DO 1351 I=2,LEVELS 00002270
K=1—% 86062280—
F2=(1le+ESTRII}I/(RADIUS-HI{TI))-FyaL 00002290
H-H 231352+ 1352+ 1351 860023-66—
1351 Fl=r2 00002310
—G 0354550 86802326
1352 H1l=H(K) 00002330
H2 =+ 00802340
H3=nl-(H2-H1 ) %#F1/(F2-F1) 000062350

—I13 53— CA LM —H3y HH M ) T K GAMMA K Sy Wy X V—r-ororno—o— - 000023-60——

F3=(1.+FCNE(ESTR(K) W) )/ (RADIUS-H3) -FVAL 00002370

= 2 ~h1 50002380
IF(ABS (hM-H3) oLEele) GG TO 1354 00002390
Hl=H2 00002400
Hz=r3 00002410
H3=HM 00062420
Fi=F2 00002430
F2=F3 00862440
GU TG 1353 00002450
1354 TF A hiv 6T oo T4 05— 60-T0—4500 00002460
HM INA=HM £0002470
205 AVE = —— 00002480
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HOSAVe=3JHGHT

00002490

HSSAVE=RGHT

00002500

20=137C796326 00C02510
SEICI R R TN 00002520
HuoAT=n3SAVE 00002530
TE=T—&7 00002540
JSAV=UHT 00002550
deT=ImT+1 060C2560
IhT=K 00002570
NS=2 6O C2580
Gs TO 1374« 00002590
1355 RSAVE=REFRS 06002600
OSAVE=Sc(CT2 00002610
PSsAVE=SECT3 06062620
TSAVE = SECT4 00002620
HGHT=rSSAVE 60002640
JHT=JSAV 00002650
NS=3 00002660
GU TO 1374 00002670
HFAHSSAVES LT HOSAVED 00002680
OHGHT=HOSAVE 00002690
G—+5—3956 36602766
CALL OMIHGHT 9h{JHT )y ) e We XXX 00002710
2SAE=AS S+ 0~ R-ADTYS—HEHTA/ARABTYS 06062720
10AGHT )} 000027130
FHF=dHF 00602740
22=10 00002750
2o=Z5ANT S6002+60
HOSAVE=0OHGHT 00002770
HSSAVE=HGHT 00602186
OAGRT=HSSAVE 00002790
HGHT=H35AVE 506628060
10=21 00002810
HvS=4 890062820
GO 70 1374 00002830
1358 JNS=1 00002840
OnGHT=HOSAVE 00002850
HGHT=HSSAVE 00002860
GO TO 395¢ 00002870
+3F3—NS=1 05862880
1374 CCONTINUE 00002890
———— A O M B G T I T T s T H T GAMMA R T - OME DO MMY )V ———— ——————006825-00—
CALL OMIH{IHT+1) yOHGHT yH{IHT) yT(IHT) +GAMMA(IHT) 4OM0O,T0O) 0000291¢C
ECo=r it EST~HHT BN 50062920
VARCOM (19 )=RHO(IHT )= (]l «-0OME) 00002920
H o+ =ta-T++1) 58—F5—+3-8C 06629546
US=FCNU(FCNACEQ) +FCNBIEQ) yEC+OMC) 00002950
P GO Ty BHE T Sy B FHETAS EH T+ 00062960
1) 00002970
— RS HAS T ETAS HIH T P O G HEH T T8 B PHHH T+ GAMMA- T H )~ E O SEC T 1000029 80—
1SECT24ScECT34SECTY) 00002990
AP o TSt TF25StETF33S 36862954
ReFr ={(0clLZ +SECTL) 00003000
REFRS=REFRFRADBSEC 86063616
2010 DELRS=REFRS 00003020
20— NBu=adHT—=2 050636306
IRTL=1RT+. 00003040
Rttt &t 95063656
CONTINUC 0C003C£0
Bo—1 37 5—TI=1HT1INEY 8966683676
U=FCNU(FCHA(ESTRII)) FCNBIESTR(I) ) 4ESTR(TI)40MSTRA(TI)) 000032080
i Saea v t t i s A S+ /e863058—
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OELZT=DclZT+DELZ 00C03100
VARCBM I =RAG D) 90003110
CALL GUAD(THETAS(I+1)9Z(T)1sH(I)sT(I)aP(I)sGAMMA(T),ESTR(T),ADD1, 000C3120
DD ETADT ST AT 06063130
CALL POUT(AUD24ADU34ACD4) 00003135
SEEFZ=SEEF2+ALD2 00003140
SECT3 = SECT3 + ACD3 00003150
SECTF4—=—STEF4—+—ADD4 06603160
DELK =(UELZ+AUDL) 00003170
REFR—=—BEER-RTFR 00963 1+R0
REFKS=REFRTKAUSEC 0000319
Betb=oE e R¥RADSEE 86663266
1375 CUNTIwUE 00003210
1376 CunT-Inb 60063220
RULAST=rrC (JHT-1) 00103230
TEAS T T2 66663246
ELAST=ESTR(UHT=1) 00003250
PEAST—=—P 1) 00863260
TLAST=T(JHT-1) 00003270
GEAST=GAMMAHHT—1) 000032-80
HLAST=H(JHT-1) 00003290
37— EoRTITOE 00063360
CALL OM(HGHTyHLAST sH{JHT=11,TLAST yGLAST4OLAST 4 XXX) 00003310
————U=FERNU FENAETAS T FENEELAS T ELAS Ty BtA ST 00003320~
CALL CUMP(ZLASTyZFINyHLAST sHGHT 1Ly DELZ THEIN) 00003330
V’Af\bull\l7l'[\ul—h‘)| 000033'{90
CALL wUAD(THFIN,ZLAST¢HLASTsTLAST 4PLASTyGLAST,ELAST,ADD1+ADD2,A0D300003350
D4 80663366
CALL POUT{ADDZ,ADD3,ADD4) 00003365
STEFI—=—SECTFI——ALD3 06903370
SECT4 = SECT4 + ADD4 00003380
PELR=UELZ+ADET 00903390
REFR=DELR+REFR 00003400
REFRS=REFRHFRADSEE 00863410
SECT2=SECT2+AD0Z 00003420
DECO=DELRRADSEE 06063430
IF (INS.EG.2) GO TO 1355 00003440
Ko T=aH T —1 06663450
6C T0 (3950,135511356,1358) 4 INS 00003460
ZLAST=23 00003480
EEASTF=ED 80063 496—
HLAST=OHGHT 00003500
FEAST=FHIHTF—1) 06663510
PLAST = P(JHT -1) 00003520
A STttt F— 1 66663536
REFR=U 00003540
66— 1377 66003550
3950 CUNTINUE 00003560
SEEFI—=—SEETF3—+—PSAVE 160035 F6——
SECT4 = SECT4 + TSAVE 00003580
REFRS=RTFTSI5AVE 86003596
SECT2=SECT2+0SAVE 00003600
——— DERF=REFAS/3660+ 00063616—
ZEND=L0S+DERF 00003620
PEFF—=SECTI/ASECT2 00063636
TEFF = SECT4/SECTS 00003640
Lot a2 — 0T84 105 58003656
3950 CONTINUE 00003660
LE—(LINC—3990,399943999 00003670
3990 CUNTINUE 00003680
C3990 WA ITEMNTATAS 5951 ) FLTLE 00003690
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3961 FORMAT{1H1+5X25HREFRACTION AIRMASS TABLESS5X13A6,/, nNoCce3700
"—————3#ﬁ%3ﬁﬁ#tt*ﬁ%fgﬁT%*twg—fﬁ—GgUﬁ%TRfﬁ‘%ﬁf%%%“———f“q&f‘*ﬁtt TEMPERATUROOOGOG3ITIO0—

3ES ARC IN DEGREES KELVIN'/+40X.'ALL PRESSURES ARE IN N/SQ M '/ 00003720
A ORI AP P AR ENT AN ASTRONGM I C A —ANGEES——ARES 00003730
540X34nIN uEuIMAL UDEGREES FR(OM THE ZCNITH/) 000032740
3993 FUQWAI ( 4CX 'TrE WAVELENGTF FOR THIS TABLE IS *'yF5.2+*' MICRNOMETSRO0000376C
TSt/ 60063776
C WRITE(SH43992)
yi 3 .i = 1] %5 = v c 9 []
C WKITE(543995)
aw Xt . T i HT34% = A4 XEHHETGHT S XBHA TR —MASSv4X00003810—
18HAIR MASS y&XSHHDIFF3X1ICHRCFRACTIONs 4X6HASTe Z96X 6HP(EFF)44X6H00003820
THEFF Iy 6AGHP T AN —000063836—
C WKITE(6,39986) 00003840
— 39St FORTFAT oA S Ht Ty TS H 2 O S S H I X3t S B S e T3 T 0006038 50—
1 6X3H{8)+9X3H(9) +9X4H{10)s6X4H{11)e BX4H(12) 4/41X ) 00003860
EINC=42 000638 T6—
3999 LINC=LINC-1 00003880
I IN—= e RADCON 00063890
OHGHT = FZC (QHGHT 00003900
HEHT—=FZC—tHGHT 6063916
HvINA = FZC (HAMINA) 00003920
SCALHP—=RSTAR TP —/AIRwT—F—F6 0006393 0—
XP = { KADIUS + OHGHT ) / SCALHP 00003940
WY —=SHRT 05— %XP )= ABS—(CIStZF NI 0006395C
FERF = EXP{WHY)=x22,0) = ( 1.C - ERF (WHY)) 00003960
£S04 CoNThwot 50064210
4150 CONTINUE 00004270
tST6P—3 00004275
GO TO (125054100+125041256491000) +JdMP 00004280
T CONTINUE 060042-90——
IF (A3SUZT-2END)«LT«0s0001) GOTC 4200
6 5=72T5cRF 06664316
20=705 00004320
81295 80004330—
4200 JmP=1 00004340
66—F0 3536 290004356
4500 CALL ERROR{(4,0)

—— 451 O RMAT A4 5y—6 C e D H—k NSO LT T ON—k o) 35664376
LINC=LINC-1 00004380
RETURN

4600 REFRS Ce 00004400
SECT2=C- 80004410
SECT3=Q. 00004420
SECF4=S 288054436
GU TD 3950 00004440

+ 00— A ST~ END - T 80— 58—T5- 4206 00664456
LINC=LInNnC~-2 00004460
CALL ERRIR(o+o) -

4705 FURMAT (14 33 Th=:=n0 GCOL SULUTICN FOR LINE ABOVE®®R#:k) 000045C0

o6 —F I RMAT—E HNREFRACTE0—RAN—STRIKES DISC t—) 8-806452¢
RETURN

460 CONT IwUE 609064540
RETURN
EoD 200864566 —
SUBKROUTINE UM(HyHS o0 N ¢ TN GAMUASGMEGALTO) 00004610
SN S ANT A5 AT RIS T AR RAB LSy EQNS T 86894426
GHM=ABS (GAMMA) 00004630
Aot TG+ 63606603 0 T5—-853 50204640
ONELU=1elU-0AMMA 00004650
BRG=0RES 00004660
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IF(RACIUS+H) 50C+5C0y63C

0o0c461C

SO CaNTIRUE 60664680
X=CONST1I*h*(RADIUS-HC) /TN 00004690
ST—T5—7S6 00084700

€03 CONTInUE 00004710
A=CSh STttt 060604726
TO=TN+CONSTL*(H3-nN) = (ONG)/GAMA 00004730
A=H7/T0 00CO&T40—

T70C ConNTInUE 00C04750
Y=g/ AN 06064760
IF(CNEGeExeve) GO TU E0C 000Cc4770
AL+ G—ONEGY 15603 +v8393+406 060047 80—

4u0 TF{10-(10-0ONEG*Y)) BOU+B20«300 00004790

30— OMToAT Tt ONTGR Y s/ ENEG) 60004800
RETURWN 00004810

oTE—EahTFIwtT 560048626
IF(YerTa(-3G60)1Y=0.0 00004830

—FoRAT——1H——~5c 268 06664840
IF( ABS(Y ) «GTe 250 )} GO TO 1C 00004850
SGMEGA=T-0—E %P 00004860

10 CUNTINUE £0004870

801

i1 ol o R
[AR“IREE~EAALA

CALL cRKOR(€40)

oV aVaWo Wil We Val
VUUUROOUU

—— 82 FORMAT X BH—GAMMA=C 860049€6——
803 CALL ERROR{T7+0)
So4—FoRMAT 3 B86866—v4E20<8—3 800664926
RETURN 00N04950
L0 faWaTaVaW oW A al
L=R i g VOULTOUTT U

SUBROUT {Ng UPTL(HGs+HeTOyGAMMAGRENCyOMEGAYAIRM) 00004970
MM BN SEANT Aoy A TR T R ST AR RAD ISy EONS T —— 000 649 80—
RAD=RADIUS-HO 00004990
XK=CORSTHHRADA O GAMMAY) 0868065 060—
SMALLH=(H-HGC)/ (RADIUS-HG) 00005010
SN o—S5vheETH 869e562¢
ONEG=LAMMA-14C 00005030
K2 =T O ONE G SMAL HH KB EH 00065046—
SuMUu=0e U 000050590
SUHAY=C-C 0-006506€6
XN=0 eV 00005070
BENGH=I5 80065686
TERMU=1.0 000050%0
T-chrtv=1-0C 80065180
TEST=.000C0u01/ ( XK*GAMMA) 00005110
Ko t=5 5008605126
1000 CONTIKUE 00005130
N‘KN*I.O 000CS5150
BENGM=OENGMHONEG 000051606
FACT=AN/ (XK=DENGM) 00005170
TERMY=TERMYFACT 860665186
TCQMV TERMVIEFACT=AK2 00005190
SoMg=5tortd+TERMY 266865286
SUMY=3SUMV+TeRMV 00005210
H—tKotn 31— 646+ 1545+ 168 80665220
1040 IF(ABS(TEST)I-ABSITERMY)Y) 10C0,1C0Cy1050 0C005230
50— HA B S tFEsTH—ASSHER 4o H—19665 163 €y 1015 86665246
1075 If (KOUNT-30) 11066,110C41080 00005250
3o/ Et6y 180 28665266
1085 FORMAT (17nOC bOOBOU IN CDTl) 00005270
= o t - GMEGA S SUMY/ONEH)————————————— 056052 80—
RETURIN 00005290
EnD 800653 66—




FONCTIOw ASIWNA(X) 00005310
T=R=g NOCO5320
ASIWA=XA(]la+Zl/bo+oCTEHRLHNR2) 0000533¢C
RETURN GO0C5346
END 00005350
SR GUTING cCoM Py 2 S HOTHSsUSTO ez THETAD) 00065366
CUMAON /SLANT/ GyAIRATIRSTARSRACILSCONSTIL 0C005370
SHATE=tHS—HO I/ RASTUS ) 000065380
ONER=1 eC—SMalLLH 00005390
FACR=S ATt 25—ttt 6065400
C=CuS(Zv) 00005410
S=SNtZo} 006865420
CulNe=L*0 dcH 000C5430C
CPLoS= CGVE*?LvinCH 00205440
BELZ=S#*{US-TAGH) 00005450
Bt t5= 58RI S e+ SeR PSS} OGS40
DeEL=S*TnwOA/(CONe+SQRT(CPLUS)) 00005470
Bt =ASTNAtOEL2 /03 00065480
15=20+0ctlZ 00005490
FHTFA=AS T A DB 006655006
RETURN 00005510
v 80065526
SUBROUT IiNe JUADITHETAGZCoHO 3T e Py GAMMAGEC +SUMyVALM4PBARyTBAR) 00005530
BHHENS TN VAL U ER+6 000665540
DIMENSIJUN VARCOMI(50) 00N05550
DM NS ToN—INT 6 000655-€¢0
DIMENSION XPTS{8)yTHTPTS(6) ¢WGHTI(6) s VALUES(6) N0005570
CotmrON—7 STANTA VAR ES™ 06665586
EUUIVALENCE (VARCOMI1) 4Gl {VARCOMI(2)Y5sAIRWT)e (VARCOM(3), 00005590

T I RSTRRITT OV ARCBM S IS RAD Y S I VAR COMH S )R CONST 5 v ARCEMt-6)—— 00005606
Z9APTS(L)) s (VARCOM(12) 9 WGHT (1)) ({VARCOM(18),FAKE)

EQU T VAL ERNCE—(vARCSM(2CIsREFAY) 000056206—
EWUIVALENCE (VARCOM(19)RHO) N0005630
- - SN N 896665650—
13/ (1e0+JOCOFL ) =2 00005660
oo 9o F =2 0 B8 H et s 0+ B 6 FL /2 01/ 30 0000567¢C
FONJ(WOO2FLy JOO3FL yQO04FLysQO0O5FL) =2.0%Q004FL*QO00S5FL*Q002FL/(1.0+Q000005680

faVNaVaVall SWdRaln

h I o 35 a0 o Bl ~G vallt N Y
LVUVITT DI U /7 Uy

FLNh(uOOBFL,QOO?FL)=2=T*SIN(9008FL/2oO)**

\WAVAUAY p» L © i R V)

2+COTAN(QQCO9FL) #SIN(QOO8FO00GCS700

FaWaVaWal-die 25 I o

LLI \"AATAT "M Iy av)
SMALLR=KAOTIUS+HO+H0%%2/(RADIUS-HD) 00065720
VAL =R HOFSHA RSN Z G THETA/REFAM 56665736
A=FCHA(ED) 00005740
B=FCptES 00665756
Du  1u00C 1=1,406 000057¢0
TP St =ttt o4 P TS 00005776
HINT (1) =FCHA(THTPTIS(I)4L7) 00005780
66— ONTHvJdt 067365756
0J 2006 I=1,6 00005800
CAE M TN HEy FAKET T SAMMAT —EMEGAY D UMMY) 36665810
U=FINU(Asse0sOMEGA) 00005820
ARGt~ A SSH T PSS 2 2668065836
VALUES(I)=1;/SQRT(ARGL) 00005840
= % =DM ECA SO RT- o= U/ STHNAZ O~ THTP TS5 22— B 00058 56—
2000 CU\TLmUt 000058¢€0
SoAd=0-5 80005870
VALIM=U o c0005880
Do—5096—F=t+6 86885898
SUM=VALUES T ) #nGhT () +SUM 00005900
VAL =V A A AL Y B L T W O HT ) 206085910
3000 CUNTINUE 00005920
Sui=SuwmnTmETA 86005936
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VALM=vALCHEVALM 0000594(C
PoA—= VAL P — 806865956
ToArn = vacotssT N00059€0
Rt ForY 566659760
END 0000598¢C
SuBRBU TN EF Tty 2y P Iy P2y Ty 2 000605990
CuMMmOnN /SLANT/ LIAIRWTIRSTARGRADILSyCONSTL 00006CCO
A TF2+67+6+—o0—TS—17G2 00006010
K=C 00006020
=P/ 1 90066630
XL=nlLUG(X} 00006040
A=A ST It e=HT7T1 00006050
CRIT=£XP(~-Al) 00006060

FaW-U V.. P-\

A3 3 A}
RLI=-1%97 AT

TOUVoUTU

IF(ABSIX-LRIT)euTeeGOCCLY) GG TO 100C 00006C80
F2=F71 066690
RecTuRN 000C6100

T OG0 XC=AT X ratcStATDY) 00006110
ACRIT==-1e/%XL 00006120
AZ=3 000001t 00006130
IF(AI LTACRIT) A2=A2+ACRIT 00006140
T oo—TF=a2 s xtFAat55tA2 —xC 06656150
FP=XL+1as/A2 0C006160
AI=AZ=F7FP NGOG6EL 10—
IF{RaLT«3) G0 TO 1200 ; 00006180
HF{ABStw3=—Aa2 -+ 06060613 G6G—T8—136C 00066190
1200 =A3 00006200
e=r+t 86666216
Gu TO 1100 00006220
13 66— 2=T1%A/nt AR 66236—
RETURN 00006240
50—+t F1-Eas T2 Go—F8—1536 8-06662-5C
P2=P1l=(T2/T1 )= (CONSTLIH{H2~-H1))/{T1-T2))} 00006260
RFoRr 36666276
1800 Ps=Pl*xEAP{CUNSTIL=(HL-H2)/T1) 00006280
ReTuRiy 50006290
EnD 000056300
SUBRAYTINEPROUTAALy-A2 A3} 00006310
DIMENSION UED(3CQ)+TEC(30D)4PED(200)yHI20C)4P(200),T(200)
COMN GNPy Ty BBy 2 EB FEB T 5D
IF (Al.ERe—-14C) GU TO 1CO
FeD=T1E0+1
UecD(Icd)=A1%0.215335E26
REDH £ 0 )=A2%04 215335826
TED(IcD)I=A3:0.215335E26
Reta TR
100 I1eD=C
R-eTURw
END
SO TI~NEFATHS TN Ey IN BT8R
D1¥ManNSION JIN(30C) ¢PUI3CI) 2»TUL3CD)yUISC) 9yPRES(SQ) ¢TMP(B0),
oA Sy ST T 2O S P P2 S T P2 88y RIS
COMMON AT oPPeTPYUINyPUsTUSIEDYyU9PRESyTMP 4RMIXR
CTAT ~
Ou 59 I=141cD
SO—FFeF=FFoT+uit3
DC 100 [=2+1%0
H—tAoStg o=t —eaB8—125
100 CunTInUe
NG B=6
GO TO 2292
Tz —NFBEB=T—1%
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Du 20GC u=1yNFCLO
R=NFOTD+J
UIN(XK)=ULIn{(J)+UIN(K)
POTRKI=PCtIITFPC IR
TUulK)=Tulo1+Tu(K)
2C0—CONTInJE
2¢3 J1=NFOLuU+1
K=0
IF (FTOT«LEeJa0Cul) LALL ERRCR(940)
NIVERIVESUERY)
SudPU=0.2
SoMTUo=0+5
Du 400 J=J1,IEC

C3ina ol I I WO I P B O &

{
SUTTOTIUIMUT UL 1\\1l

SUMMPU=SuMrEU+PL(J)

AT
JUX!IU JU!IUYIU\\JI

IF (SUMU.GTLFTCT/NGE) GO TO 390

o—F 84S
330 K=k+1
H-HG-=5d
PRES(K)=SuMPU/SuMU
F P =S AT EASEMY
SUMU=0 e T
SoMPU=0-5
SUMTU=0.0
H—{tJ+ta+1 5 +—60—T0—%26
400 CONTINUE
UK)Y=SUMU
PRESHT=5SuMPEASEME
TMP{K)I=SUNMTU/ SUMU
Gz C—CoONTIwUT
00 600 J=14K
Bo—SCo—Id=1+5
RMIXR{TIJsu)=RMIX(IJyPRES(J) 4RN)
56o0—€CGnTInUc
00 CONTInUC
VT OP=K
h ETURN
FUNCTION w™MIX(IsPsRN)
BHACNS To—RN5
KMIX=RNI(TI)
REForRm™
END
STBROCTINE ! 3 ; 00600 T0—
*TTFPothTQIUNLTyTCI) 0000NC2¢C
CoMPLEARTG A/ 2250193 7 7716432600250+ 0D /~AalY 060600636
+(2614382388694T0642500290.7D0)/9A42/(1481928533092181549002, 00000C40
+ 03 00 CT /A3 /1531555804956 13895 D079 000 +/A%/ 00006656
+{3e01c0142196210U589U019CeCDC)/+A5/{5912626209773153D0,0.0D0)/ 00000CE0
0 R oL Wl SseotS5ooTeEs 0 s t + 3
+0eCUD} /90l /{34a527306251109525580024+0.0D0)/+82/ 00000GC80
. 2o = £] ° -~ [ - [ v
+CoJ0C)/984/(1a70354001821091472DN2+0.0D0)1/+R5/ 00000100
%+t 5+ 39952959 12542 TSIy OB S A ES 6479 85T 4260399800800 0681 10—

*OoUUO)/?ZﬁvrQUCﬁPLX 00000120

REAL 3 LVUIGTeXyY, ABSK,VO V1eVKyWIKWVL eVUeVEHsVONXTSVOLsVUPD2ABS 00000140

CDDI"ﬁf‘J T(‘Tl)'}ﬁ\
[ vav)

ﬁT)s.«M(T‘\\ [Vl e Xa YR Cfl)ﬂL\_ \lll‘)’\f\\
A Eal™ \ L4

FEINI T O VO v T UUTY Y b St N Y
2 MOLVM(cDC),NH(Y),NSTn(?),T(?éO)v MK(8)9PRES(50).TMP(SO)v 00000160
S = < 50 A S {20 ————— 000001 760——
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ReAL F¥uS(5) /180034400042 C0940.C42R.0/

00000180

laWa¥aWa¥alhillgNa'

T TG S AT LSY /= = D = -/
TN T T ST AN TV O oy ey oy eV e/

CovOn hXepkgTXvUINX9PUX9TUX9IECX?UqPRESVTMP?RMIXR

Vool U P |

VUL UU1L 77U

0co002¢C0

faValaValalelhWal

LAl o \JT‘(LJ \4 O_

VOUJUU L1V

ASSEGN 137 TO ISWT 00000220
H 4~ —o 31353
NLINES =0 00000230
Hatt=1 — 000002 40—
Du ¢J JL=13972C 000002250
oAVt T =d— 86060266
PC=10133%. 000GnN270
To=2T3~ 60000286
CuNsTe=ALIG{Z. ) 0000C290
AN =S ORTHEONST 000008360
Pl=3e1415v205% 0000310
EONSTFTr AT SR 86060326
IF (NMeUTo7) CALL ERRCR(1050)
M A VA WA TR Iy |
JLD=EATNT H/2a 00000340
NTOT=z2o N1 0000350
REAU(LUNIT,?OlO,tND 1340) VOMXToSCNXToALLNXT+EPPNXTyMOLNXT CWNXT 00000360
SO T T FORTAT T+ 3571635 Fo 33 F s 352752} 000370
VONXT=VONXT+CwMNXT 00000380
DELY C=EXTIN T s/ FCOAT (2ot ) 06060390
110 I=1 00000400
Vi=vi 0C0CO410
120 NbH=1 00000420
= ‘E ¥ AT 0060436
NH{1)==2%% (NM-NJ) 0000N440
NJIW\LI—Z*:(NH o) 066000450
MTOP=IM=NC+1 00000460
CO— 125 M=zsMToP 000CO04 70—
NH(M)=-2%% (NM+ 1 -NC-M) 00000480
NS TRtF =2t Ry 2= o= 00006496
125 CONTINUE 000005¢CC
EPA=EPA/ T E O T NSTw A EEEVE 06660516
130 Nal=1 00000520
MSTF=RSTFw i) 00653 0—
K=NH(1)+NST 00000540
el { I B o) faVaVTaValal il ol

h
LACL™ L A |

IF{NLINES.LE.C) GOTO 132

\YAVATAY AV ESAw]

00000560

—— 3 HACT W TR T BN T H AT A R e G T W W D6 8T8 32— D 00085 T70——

ITAIL=MUD(ITAILLLINTOP)+1

00000580

MGUT=nBUT+1 00060590
IFI{nwOUTSLTNLINES) GOTO 131 0000N600
132 M TMES =S MAX O LS N TS anNaU T 20005610
1533 IF(VORNXT-CHWNXToGTVI+wIl) SGCTO 138 00000620
H v Cn T+ i X V= o G670 1 36 00000630
ILOAD=TACTV{ 10D (ITAIL+NLINES-1+LINTQOP)+1) 00000640
VoI LA = VoNHF 590006650
SCLILUAL)=SONATHCONSTL 0000N660
AMA S LI ESA L e ON T2 5 81 33 n 07 /C D T L EMACL MO NXT ) 88066618
ALLIILOAD) SALILNXTRALNZ/PO=SCRT(TI)/AMAS(ILDAD) 00000680
EPPATI LT =—EPPNXTAD6346/T0 —0050808690—
MOLANMIILIAD ) =MOLNXT 00000700
i TIET= B =S X T 0-606-607-10
VuP=VUMXT+LalIXT 0G00072C
=T et 269607136
NLINTES=NLINZS+] 00000740
L E A INES - GNP 608781340 00000750
IF(ANLINES.=Cel) GOTU 13& 000C0750
134K 1= B0 HH A=t IT P +1 Q006807716
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INKT={ACTv (k1) 00000780
r T GZo VU NTAtINXT T GCTC 136 00000790
Ke=MJ0(1TAIL+0sLINTUP) +1 00000800
TRETVIR =5 xT 0C0COo8 ¢
TACTVY{(K1)=ILCAD 000GC0820
HO-tg<3 6372136 0000830
J=Jd-1 0000084C
Gu—TO—1=4% 00000856
136 CUNTINUE 00000850
U T ISATvtizTv1367 00008 TO
137 READ(IUNIT 96010,ED=133C) VCMXToSCNXTLALLNXTsEPPNXT¢MOLNXT +CWNXT 00000880
VORK T =y oA T¥CaNXT 00000866 —
GG TG 153 00000900
38— COITIhwoe 000060610
IFINLINES.LELG) GLTG 1327 000600920
0 V=V By OECV e FESAT R 9CO00663¢C
IFIKeGESNTOT) GCTC 410 00000940
AT SK=0s 00000950
DO 200 L1=14yNLINES 00000960
= TACTF vt ME DT AT =2 ENTF e+ 1) 000609 T0—
MOLNML=MOLNMIL) NODo0280
SEE=55tti3 0099 6—
VUL=(yK-vC (L) )=xaLN2 00001000
Attt AtL ) Gﬁ‘eﬁﬂﬁ—lﬁ*
AMASL=AMAS (L) 00001020
EP-Pt—=P P 200661636
NPARTL NPART (MOLNML) 00001040
Bo—o8o— ATy NEWES 8061656
TEMP=THMP(LAT) 00001060
RT=T0ATFEHAP 86061676
ALD=AMASL=SYRTITEMP) 00001080
B OET=SSRTH RN PAR T e CA PP PR T 00061696
AKO=U{ TAT) =SOL*d0LT/ALD*RMIXR{MOLNML 3 IAT) 000011CO
Yottt PRES A 8696 1+116
X=VOL/ALD 00001120
=BG PRy — ) 206861136
FEll(((ADFZH+AS )R ZH+AG ) RZH+A3 )T h+A2)%ZH+AL ) =ZH+AD) 00001140
— 2 ¥ 3z A M43 2y I He B2 ) ZH 48 L) 2 {4+ B O )———————— 000011 50—
ZVvOIGT=F 00001160
B ABS=AKD YOI LT 88061376
AoSK=zApSK+DZ2ABS 00001180
30—CONTHde 860601196—
IF(ABS K GT-TTLP) GOTO 210 00001200
210 NK=AQU(NSH+K-1sNTOT) +1 00001220
=X rt—AT S 86061236
C IFINTSToEQe2) WRITE(14+9214) TINK)evVK 00001240
%‘Cl"f FUR‘H‘T{” .7' OOJ’ I.I\?l .leJl OCQGIZSO
K=K+NST c0001260
460—66t—T8—140 000012106
1 NHCzK—NST 00001280
SUAWT—C- 00001300
M= e 06006613106
40 NIK=MUOD(NLH+NAHC-1,NTOT) +1 00001320
VSV orr ST R EBA T RS 70061330
WT=COWSTLI/RUEXP (-SNGL(VI-VIK)==ZHCOANST2/H%%2) 0000134¢C
CEN =N T T — 86961356
SUI‘ﬁT SU“.’I‘IT*’"T 00001360
NHE=NHE—ST —06861316—
IF(NrCerToC) (OTC 510 00001380
560667849 860861390
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510 SuU¥MaTz=SUmdT 00001400
FROI=CoiyT 0000410
IFInNTSTeaZwel) WRITE(1349213) TKC N00C14 20

ST 3 ERMA T H— S5t TS5 R ) 900061436
Nal=2 00001440

B2 H N+ N O 5T —G8T5—13313 0000450
NST=NSTal.wnl) 00001460
K=\ NS T —000CtH 10—

530 VRK=V3h«+«LELVCEFLIAT (K) 00001480
Tt —6ote—o1S 0601496
AbSK=C. 00001500
BE—606—3=1vMNTivES 56061510
L=TACTV(¥IOD(ITAIL+LI-2,LINTCP)+1) 00Nn01520
MO MEsMS NS 66601530
Sul=S¢C (L) 00001540
oty oHEEER 50061556
ALLL=ALLILY 000015460
AttA S E=ATHAS ) 00001516
EPPL=EPPI(L) 00001580
NPARTE=wPARTHMOCNMED 06001590
DC 700 IAT=1g¢NLEVLS 00001600
Femp=FPtEAT 56661616
RT=T7T0O/TEMP 00001620
AL =AMASESSTR TP 06061630
BOLT=SQRT(RT=#NPARTL}IEXP(EPPL*={RT~-1,)) 00001640
AKS=H AT S S s BE /AL R M PR MEENMET2T) 06061650
Y=ALLL*PRES({IAT)/TEMAP 000016¢€0
K=o tATD (SASACACEwemaY)
IH= bChPLX(Y9 X) 00001680

——f= =t S O o FEHA AT PR A A 660015 90—
L/(((((((ZH*Dé) LH+B5 )=l R+B4 ) FZH+B3)ZH+B2)*ZH+B1)*=ZH+BO) 00001700
IVOIGT=F 0000 Y 710——
DcABS=AKO*ZVOIGT 00001720
AT SK=AE SO ZTADBS 606617130

T00 CONTINUE 00001740
A BSKs G- e8P )—GoT0—616 20061150

600 CUONTINUE 00001760

ST NK= Mot B +K—y T +1 0006017710
TI(NK)=DEXP{-£8SK) 00001780

€ Hv ot tas 2 Ry —F K 506617-5¢

K=K+NST 000018¢C0

806—6—T6—535 806601+6-10

10 NAC=K-NST 00001820
CoMNvI=5= 0606183 60—

SUNMKWT=Ce 00001840

TR et S6061556

8.0 NIK=MUD(NBH+NHC-1,MTOT})+1 00001860
VK= B+ Do v - FEBATHNHES 96061+670——
AT=CONSTLI/HEEXP(-SMGL(VI-VIK)=R2CONST2/H%2) 000061880
CoNv-T=CENVy T+ TS 0061896
SUMAT=SudnwT+aT 000019C0
-NHESNHE—NST 0661916
IF(NHLoLT 0} GOTO 910 00001920

9o GE—TFo—E526 80001936

910 SUANTZ2=SUMwTZ2+SUM,T 00001940
CHNv T =oAL T 283N wt -2 000061950
IF(MWwLoLESZ2) GGTO 1010 000019¢€0
PSP P 56061576
COU 1000 NCR=19NSTUPR 00001980
EpGr=FLUAT 452N CR) 30001 696—
AMKN=( FNCR*=CONVT-AMKINCR) ) /(FNCR-10} 00002000

A MK l'\rDl—r T
vyt

A0N02010
\ATA—E Su~ Ay =

T
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CONVT=AMKN

00002020

Teoo—C€oNTIwUr 00002030
1010 AMKINWL=1)=CC. VT 00002040
AMTS=AT S HFRSo— SN 366602656
Ir(AMTS <Ll ecCPA) GOTO 11190 00002C50
AV EoA T 2 trte— 2 A EC A T N R T 1) 000620706
TRO=CONVT+DAVF={TKO-CONVT) 000C2080
HENTS TS e+t wRHFE 35981 23K TKE 60002090—
NaL=Nwl+1l 00002100
HHo6—Gu—TF5—525 60662115
1110 TCI(T)=FLOAT(inSTW{ 1)/ 2)%DELVCH(CONVT+TKQO) 000cCc2120
H N T STt G T RRITFEI 379313 —AMK 006021306
1120 IF({I«GENVG) KETURN 00002140
I=f+1 80002150
VI=vL+FLOAT(I-1)=(VJ-VvL)/FLCAT(ANVC-1) 00002160
Vo=tV I=Vvorm7 0ty = FtSAT N TET13727 0002170
Ir{vDboHebe o FLOATI(NTOT~1)) GCTC 12C 0002180
NoBh=TNT{tvbgth 000062190
NoH=MUD (NS H+NSBR-1wTCT) +1 00002200
Vo=V o+ Oty EATENERH 86002210
JSTOP=Nin—-ANO+1 00062220
12059 =t53S5ToP 66062230
NH({JI=NH(J)-NLBH 00002240
2o0—CORTINUT 66002250
NCH=1 00002260
NST=MNSTw 13 00062270
1490 NrA=NH{~nCH) 00002280
— StV S E TS 66 F6— 1518 60062290
NHH=NHH+NST 00002300
Gt—T68—1560 0002310
1510 NH(NCH) =NHH 00002320
1 520 NECH=NCH+T 00062330
IFINCHA«LTe {NM=NQO+1)) GOTO 1600 00002340
P SF= NS S 56602356
GO TO 149G 000023¢0
FHGO—CaONT-IEHNUE 00002376
GG 7O 130 00002380
13- F0—FC =4S D R L Ve R LOATNS T ) 30062390
CALL ERRIOR(11,C)
Go—F0—11-26 86062406
1320 TCI{I)=1eC 00002410
Chbe—eRRIR1 2,0
GO 70 112¢C 00002420
1340 ASSIGN—I36—TFT0 ISw 00062430
VONXT=CnNXT+VU+lO. HREXTNT 00002440
o—Fa—13-8 8656062456
1340 CALL ERRCK (1350}
A H=ME-HTA A+ NT O P~ T N e S— o HINT- B P41
NLINES=LINTOP
—5 9} 2 FoRMAT L+ RROR—INLINE SORTERY) 26002470
GC TG 134
+250 At RROR{-45} -
RETURN 00002480
EnD 80002496
SUBRCUTINE ERROR(Isd)
B e NS —T 2R {55
COUMiiON /ERR/ W9y M11e1IER
H—Atd o —5E8Fo—1065
IF (Iecuell) LOTO SO0
N=MNa-1
TER(N)=1
ReTyRN
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5G0 M1l=M11+1

Qo T
RTTURN

1000 wkITE(6g*) W11lelER
RETURN
EnD
//7GLeSYSLIN CO OSN=TSC462 NSPEC ,IBJ¢DISP=SHR
——/ 50 F I OFG0 T DOSN=TSCHE 2 SN TS ERSEATA(SAVE ) DISP=5SHR
//GueFTL11FOLYL ouD DOSN=TSC462.LINPARDATALDISP=SHR
776t T2 oo t— 60— SYSOuT==
//7GueFT13r001 00D SYSCUT=A
/76655t 1925, o

LI0 452 G560 45.0 15 11

o N
J.U7C UJ JLL.LJL UJ UDU Uod W o U
565

19C0.0 1900G«C5 2 7 1 C.C35 0.05 20C 10.0 G

,~r

//
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APPENDIX B

THE LINE PARAMETER SETUP PROGRAM

This program reads the AFGL line listing tape and creates a file of
selected line parameters, The two-step JCL routine runs the FORTRAN
program to read and select the line parameters and then calls for an all
core sort using the IBM system sort routine to put the lines in increasing
order of the lowest frequency value at which they have significant absorp-
tion., A sample of the line parameter output after sorting is also in-
cluded, As written, the program selects Nz0O lines from 2550 - 2560 ek
for a ground-based observer looking straight up at the sun. The line
parameter listing example is for a different case.
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gigd 40 AH3

P023=3Z2IS(Y'HO'6°T)=~SA1314d LH0S 03200

X dd NISAS*5/7/ 05200

JHS=dSIA‘YIYd - 21°238¥0SL=NSA 4d LNOLH0S*S// 0b200
(3137130°A70)=dSIA’3NITR8=NSd dd NILICS S /s 8E200

L¥0s 03X3 Sr/7 02200

(00T2=3ZISN182r=1038184=W4034)=q00( (T 1) “HdL)=300dS s/ 91200
‘gaSAS=LINN‘(SSUd‘AOW) =dSIA 3INITRI=NSA dAd T004PTL4°0D// 00200

- (002E=321s41d -/ 06100

W403¥‘002E€=103x41) =400 “(d3AN‘A10) =dSIA T4OIY=Y3S= 10N ‘63dUL=LINN ~// 03120
‘(NI‘’d19’S)=713991 dd T004ETLA°0D// 0L100
(@e2E=32Isx14 -/ 03100

W4038“0B2E=10381) =800 (433N A0 =dSIA 140 4Y=33S=T10N63dYL=LINA ~/~/ B5100Q
(NI‘‘a19'¢)="13991 dd TR032TL4°09// ob10e
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