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Update of an Efficient Computer Code (NLTE) to
Calculate Emission and Transmission of Radiation
Through Non-Equilibrium Atmospheres

I. INTRODUCTION

The Air Force Geophysics Lrhoratory (AFGL) is in the process of developing
comprehensive FORTRAN codes for calculating the radiance due to infrared-active
species in the upper atmosphere. The objective of this work is to improve the
understanding of the physics and chemistry of the upper atmosphere. In particular,
the codes deal with atmospheric conditions in which local thermodynamic equili-
brium (I.TE) cannot be assumed; that is, conditions under which the populations of
ro-vibrational states cannot (necessarily) be given by a Beltzmann distribution
with the kinetic temperature.

This report describes program NLTE, which is a general line-by-line code
predicting the iafrared radiance from individual molecular species at an observing
site located within the upper atmosphere or in limb geometry viewing from out-
side the atmosphere. The present version of the program assumes that lines do
not overlap to an appreciable extent and that there are no lateral variations in the
atmosphere. It operates in a stand-alone mode and also is being incorporated into
a largcer package for use in iterative or repetitive applications. Emphasis has
been ~laced upon (1) achieving accurate results at all steps of this detailed calcu-

(Received for publication 16 September 1985)




lation, and (2) making the program easy to use and transportable. Since its first
release, 1 NLTE has undergone substantial revisions which make it much faster
and give it more capabilities, and which, therefore, necessitate a new release
and this accompanying report,

The program output consists of the total radiance (watt/cm 2 _ster) for a
specified vibratijonal band for a set of viewing paths, and also the spectral radiance
{watt/cmz—ster—y m or watt/cmz-ster-cm-l) if an instrumental resolution para-
meter is provided. The band radiance is just the sum of the integrated radiance
for all the individual lines. If a single ro-vibrational transition, rather than an
entire band, is requested, the program gives the integrated line radiance and also
many intermediate results, including the detailed spectral radiance profile for the
line,

NLTE requires the user to prepare three input files. They specify (1) the
mole cule, isotope, and band under consideration, and the viewing geometry; (2) the
atmospheric profile; and (3) an appropriate subset of the AFGL Atmospheric Ab-
2,3,4 In the case of the second file, the

quantities required for an altitude range sufficient to complete the calculation are

sorption Line Parameters Compilation.

(a) the kinetic temperature, T,

(b) the total number density and a vibraiional temperature characterizing the
the upper level of the band under consideration (and, for hot bands, the lower level
as well) or equivalent informatior, and

(c) a vibrational temperature for the lowest-lying excited state for usc
calculating the vibrational partition function, or equivalent information. "Equi-
valent information' for both (b) and (c) consists of number densities of lower and
upper vibrational levels. The third file is necessary because it provides the
properties of the individual ro-vibrational transitions, which arc needed to deter-
mine the absorption and reradiation of energy by each line in the wavelength region

under consideration.

1. Sharma, R.D., Siani, R., Bullitt, M., and Wintersteiner, P, P, (1983) A
Computer Code to Calculate Emission and Transmission of Infrared Radia-
tion Through a Non-Equilibrium Atmosphere, AFGL-TR-83-0168,

AD A137162,

. McClatchey, R,A,, Benedict, W,S,, Clough, S,A,, Burch, D.E., Calfee,
R.F., Fox, K., Rothman, L.S., and Garing, J.S. (1973) AFCRL Atmos-
pheric Absorption Line Parameters Compilation, £ FCRL-TR-73-0096,
AD 762904,

. Rothman, L.S., Gamache, R.R,, Barbe, A., Goldman, A., Gillis, J.R.,
Brown, L.R., Toth, R.A., Flaud, J. M., and Camy-Payret, C, (1983)
AFGL atmospheric absorption line parameters compilation:1982 edition,
Appl, Opt, 22:2247,

4. Rothman, L.S., Goldman, A., Gillis, J,R., Gamache, R,R., Pickett, H,M,,

Poynter, R.L., Husson, N,, and Chedin, A, (1983) AFGL trace gas compi-

lation; 1982 edition, Appl, Opt, 22:26C
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Section 2 of this report gives the formulation of the problem and the algorithms
employed in its solution. Section 3 describes how to use the code, and Section 4
gives examples of some of the results obtained to date. The appendixes contain

the source code and sample program output,

2. FORMULATION

2.1 Radiative Transfer Problem

The problem of radiative transport along a viewing path within an absorbing
and emitting medium is formulated most generallya in terms of the equation of

transfer,

1 dIv(S)
ky(s)p(s) ds

JU(S) - Iu(S) (1)

and whatever boundary conditions are appropriate, Inthis equation, both I,
which is the specific intensity of radiation at wavenumber v, and J,, the source
function, have units of \vatts/(cmg —ster-cnfl ) or equivalent units (for example,
photons/sec instead of watts, micrometers instead of Cm-li. The viewing path is
parameterized by the position variable, s. The a?t)nsor'ption coefficient (cm2 /mole-~
cule) and the total number density (molecules/cm ") of the molecular specie in
question are, respectively, kyand p. Furthermore, the optical depth between an
observation point s and a reference point s’ is defined by a line integral over the

viewing path:

s

Ty(s,s') = fku(s")p(s")ds" 2)

S

In the problem we are presently considering, the only processes of interest
within the atmosphere are stimulated and spontaneous emission from molecules
in the excited state of the transition in question, and absorption by molecules in
the corresponding lower state, That is, scattering into and out of the beam is
reglected. The equation of transfer for this case can thus be derived directly

from the three Einstein coefficients and the populations of the upper and lower

5. Chandrasekhar, S. (1960) Radiative Transfer, Dover, New York.




radiating states. Using the relations between these coefficients, 6 we arrived at1

dIV(S) hVO
a — B
S c 2u

By(s)n, () [2c0? ¥(s) - T, (8) (1 -7 ()] (3)

where the position-dependence is written explicitly and the frequency-dependence

is indicated by the subscript v. In this equation, n; is the lower-state number
density, [, is the normalized lineshape of the absorption coefficient, B,  is the
Einstein coefficient for absorption, v, is the resonant frequency in wave-numbers,
h is Planck's constant, c is the speed of light, and 7 is given by

) glnu(s)
Y(s) = m)— (4)

where the g's are statistical weights of the upper (u) and lower (2 ) radiating states
and the n's are the number densities, The (1 -7) factor in Eq. (3) accounts for
stimulated emission.

By '"normalized lineshape, ' we mean that f;, satisfies

co

ff,,du = 1 (5)

-~ o

In NLTE, the Voigt profile is used for f,,, although the user can specify a Doppler
lineshape if necessary.

The corres pondence between Egs. (1) and (3) reveals that the absorption
coefficient is given by

hy ng (s)
s —9Q —_—
ky(s) = ——= B, f(s) 2 (5) (1-7(s)) (6)

and the source function by

Jyls) = 2cvi l—y_—@;,L(;) (7)

6. Penner, S.S. (1959) Quantitative Molecular Spectroscopy and Gas Emissivities,
Addison-Wesley, London.




The absence of an explicit frequency-dependence is proper for this particular
source function. The emission coefficient, jv, which has the same units as the
absorption coefficient and plays an analagous role, containg the frequency-depen-
dence and is given by

iv = kyJdy (8)

The boundary conditions for the problem can be determined from the allowed
viewing paths, which are shown in Figure 1, Since the paths begin above the
atmosphere, the intensity I, (s' ) must be zero for all frequencies unless the line-
of-sight intersects the sun, or else some other zodiacal contribution is not negli-
gible, In either case, this contribution can be separated completely from the

)

atmospheric emission and treat ' -- .mple attenuation problem, so we do not

discuss it further in this dc .went.

2.2 Formal Solution

With this particular boundary constraint, the formal solution of Eq. (1) for
the line-of-sight path extending from s' to the observer at s can be written as

s
Iy(s) = /JU(S“)ky (s")p(s")e--ru(s'S )ds" (9)
sl

With the help of Eqs. (4-8) and the relation between Blu and the Einstein A co-
efficient,

A - srnyd 2 B (10)
" Vo g, *u

it is transformed to
8

Iy(s) = [jv(s")p(s")e“rv(s’s Jas" (11)

5'
s "
i %f ny (s, (sMe Ty (88 ggn

sl

The first form of Eq. (11) expresses the facts that (1) an amount of radiant energy,
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Figure la. Limb Viewing Path in a Layered Atmosphere. sg is
the beginning of the path, SN/2 is the tangent point, and sy is the
location of the observer. In the text, s, and sy are referred to

as s' and s, respectively
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Figure 1lb. Zenith Viewing Path in a l.ayered Atmosphere

jy, emitted per molecule at frequency v at the point s'" along the path (per cm—]
per ster) is reduced by an amount (the exponential) determined by the optical
depth between that point and the observer at s; and (2) that the total radiance due
to all points s' between s' and s is just the total (integral) contribution from all
such points weighted by the total number of emitters. The second integral
expresses the same thing in slightly different terms: the volume emission rate
(photons/sec - em? -ster-cm 1) is simply Anufv lam,

Bullitt et al7 have further trangformed the formal solution into expressions

that make it easy to visualize how the complicated single-line radiance profiles

7. Bullitt, M,K,., Bakshi, P,M,, Picard, R.H., and Sharma, R.D. (1985) Nu-
merical and analytical study of high-resolution limb spectral radiance from
non-equilibrium atmospheres, J, Quant, Spectrosc. and Rad, Transfer,
34:33,
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evolve, and that also lead to some useful analytical approximations. They make
the definitions

-1 ] ")
Fy(s,8") = ky(s") pishe ¥ S (12)
R(s) = 2e? ;ZEL. (13)

R is just the source function, and F; serves as a weighting function for the path
when the radiance at the observation point is written as

s
I, (s) = f'R (s") Fp, (s, s'') ds" (14)
s

This form is intrinsically no simpler than the others; we introduce it because we
later make use of arguments which most easily are expressed in terms of the
quantity R.

2.3 NLTE Algorithm
2.3.1 LAYERING

Our prescription for solving for the radiance relies upon the assumption that
a stratified model atmosphere consisting of homogeneous concentric layers (see
Figure 1) can be made into a sufficiently accurate representation of the actual
atmosphere to produce correct results, In NLTE, the altitude grid is defined by
whatever altitudes are read on the atmospheric profile data file. The properties
of the layers are then determined from the pairs of grid points bounding each of
them. In the case of temperatures, the average value is used; in the case of
number densities, the mean square value is used. For example, for the ith layer

-
"

1
Lo Tep + T,y (15a)

1/2
Py lp(si) P(s, 1’] (15b)
It is understood that each position s along the viewing path is associated with an
altitude, h, which is really the correct parameter for the physical properties of
the atmosphere.
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2.3.2 OPTICAL DEPTH

The optical depth at frequency v is obviously an important quantity for the
radiance calculation. In order to calculate it numerically, we must correlate the
Einstein absorption coefficient with the information contained in the AFGL database, 2
namely the line strength S (Ts) evaluated under conditions of LTE at the standard
temperature, TS = 296 K. For arbitrary conditions, the line strength S satisfies

Sfy = kll (16)

and in fact is equal to the absorption coefficient integrated over v, The connec-
tion with the Einstein absorption coefficient is made through Eq. (6), in which the
ratio n Q/p is simply the probability, P, . that the lower ro-vibrational state be
occupied under the specified conditions. It follows that

-1
hl/o S(TS) -cL v /T
C BILu = PE\'T—S,TS)‘ l1-e 2% S (17)

where S, Py, and (1-7) are evaluated for conditions of LTE at the temperature
Ts' Cq is the second radiation constant, 6 Then, for arbitrary conditions, one
can plug Eq. (17) into Eq. (6) and use Eq. (16) in Eq. (2) to derive the optical
depth along the path within the ith homogeneous layer as

T, (8 si) = AT

v Tit+l, vi
Py (T Tyy) 1-7; (18
= S(T ) 0 f. .p. As. !
s PQ(TS' Ts) 1 -exp(-c2 VO/’IS) viticoi

The notation we have adopted here is that the subscript i on each quantity replaces
the independent variable, s, and implies a constant value within the ith layer,
Also, A4s Si+1 " Si- For general conditions, the probability that the lower
state be occupied depends on the vibrational and rotational temperatures, Ty ' and
TR". for the state in question, We regard all rotational *‘emperatures as equal to
the kinetic temperature, however, so, in general

exp(-czEv”/Tv") exp(-c, Ep"/T)
Q, T," Qr(T)

P (T, Tv") : a.g) (19)




"

where Ev” and Ep" are the vibrational and rotational energies of the lower state
in wavenumbers, Tv“ and T are the vibrational and rotational temperatures des-
cribing the lower state, QV and QR are the vibrational and rotational partition

functions, Cqy is the second radiation constant, and o is the isotopic abundance

expressed as a fraction of the total, so that

S e = L (20)

The partition functions are, of course, evaluated for the conditions at hand. The
, may not be sufficient to determine

"

particular band vibrational temperature, Tv
Qv’ however. We defer a discussion of the means of approximating them until
Section 2.3.7.

2.3.3 RADIANCE

Division of the viewing path into segments (si. si+1) as indicated in Figure 1
does not alter the exact nature of the solution in Eq. (14):

N-1  fi+l
L = % f R (s")F) (s, ")ds" (21)
i=o S,

1

The first approximation is to let R(s') be a constant over each segment, in accord-
ance with our assumption of homogeneous layers. Then

- N-1 Si+1
Iys) = % Rif Fy (s, s")ds" (22)
i=o

S.
1

However, by the definitions made in Eq, (12) and Eq. {2), F,, is a perfect
differential equal to

a7y 8,8") v qs,8 (L [ -7 (5,8 (23)
e 14 ’ = dS” [e 14 ’ ]

FV (S. S”) dsn

This leads to




vy

N-1
Iy(s) = E Rie-TV (s, Si+1) [1 - exp (- ATui )] (24)

i=o

with ATui given by IIq. (18), Moreover, the fact that the optical depth along the

path segments is additive, so that

N-1
Ty (ssspyp) - AT, (25)
j=i+1 J
leads to the result

N-1 N-1

Iy(s) ~ Z R, [1 -exp(- AT .)] exp |- Z AT, . (26)
c_ i Vi L. vij
i=o j=i+l

The only approximations involved here are taking R, ¥, , and n; to be constants
within each layer.

One can see that one series is embedded within the other in Eq. (26). It is
not necessary, however, to separately evaluate two series for each frequency.
One can obtain the desired sum starting with i = 0 (the farthest layer) with the

following algorithm:

Define E, = exp(- ATui)
X. = R, [1-E]
i i i
Calculate P = X
o o
P. = X, +P, |E, i=1,2,..., N-1
i i i-1741
Set IV(S) = PN-I

Ei represents the amount by which a unit of radiation is attenuated in passing
completely through layer i, and Xi is the amount of radiation from the ith layer
alone appearing on the observer's side of that layer. The P's represent the total
radiation appearing at each boundary, An alternative but completely equivalent

algorithm is given by

Define E, = exp (- AT, )
X, = R,[1-E,]
i i i
Qn.p = 1
Calculate Qi-l = QiEi
P, = Q, X,
i it

10




Evaluate Iy(s) = i P,
i=N-1

The only difference in these two approaches is the order in which the atmospheric
layers are treated, In the second algorithm, Qi is the total transmittance from the
near side of the ith layer to the observer and Pi is the contribution at the observer's
location from the ith layer alone. The advantage of this approach is that one can
cut off the summation whenever the attenuation becomes severe enough to negate
contributions from ever more distant layers. That is, the summation need not be
carried as far as i = 0. Obviously, such a truncation is not possible in the first
algorithm. The second algorithm, which is especially useful when the observer is

within the atmosphere (for example, zenith-look) has been incorporated into NLTE.
2.3.4 INTEGRATED RADIANCE

The quantity which is the main objective of these calculations is obtained by
integrating the radiance profiles over frequency. For each line, one evaluates

©

I(s) = /I,,(s)du @2mn

- 0

For a band, NLTE sums the results over individual lines,

Figure 2 gives some typical single-line radiance profiles for limb geometry,
using lines from the V, fundamental of CO2 near 15um. Several of the lines are
severely self-absorbed along this path, which has a tangent height of 70km. The
weakest lines mimic Doppler lines; stronger lines decrease monotonically from
the center but have much more pronounced wings; and the strongest lines have
maxima and possibly minima away from the line center, as well as wings where
the function decreases smoothly and monotonically, but very slowly, over a very
large range of frequencies,

Figure 3 gives the vibrational and kinetic temperatures used in the calcula-
tion of these profiles.

For each line, NLTE evaluates Eq. (27) using an analytical approximation
which is valid only when the path optical depth is less than unity at the line center.
This approximation may be accepted as an appropriate value for I{s) if a "thin-line"
criterion, described in Section 2, 3,4, 2, is satisfied, Otherwise, the integral is
evaluated numerically using the "thick-line'' procedure described in Section
2.3.4.1. Because of the heavy computational requirements of the thick-line
procedures, the program bypasses it whenever the thin-line approximation is
sufficiently accurate,

11
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Figure 2, Radiance Profiles of Four Lines of the R Branch
of the CO2 (¥3) Fundamental, Using Limb Geometry and a
Tangent Height of T0 km. The dotted line is the R2 profile
assuming a Doppler rather than Voigt lineshape. The arrow
indicates the Doppler linewidth at 70km.

2.3.4.1 Thick-Line Algorithm

When the thin-line approximation is unacceptable, Eq. (27) is evaluated
numerically over a range between Vo and a certain cutoff frequency Voo and the
contribution from the region between V. and infinity is approrimated by an anal-
ytical expression. Since I, is symmetrical about v, the desired value for each

line is twice the sum of these two quantities,

12
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Figure 3. Kinetic and Vibrational Temperature Profiles Used to Calculate the
Curves in Figure 2

The numerical integration procedure was designed to use the minimum
number of integration points to obtain the desired accuracy. To accomodate the
great variety of possible integrands, a semi-adaptive scheme is used. The
region v, to v, is divided into sections, or panels, and the contribution to the
total integral Irom each panel is evaluated separately using Gauss-Legendre
quadrature, The panels are taken in order, starting at the line center with a
fixed panel-width., At a certain point Vg beyond which the radiance profile is
determined to be "smooth, ' the panels are allowed to increase in width so as to

13




cut down on the total number of integration points. The cutoff point v, and the
panel ~expansion point Yy both depend on the radiance profile being considered,
and they are determined as the integration progresses from panel to panel.

Each panel is integrated with the same fixed number of points, The default
is four points, but two points per panel often give excellent results and of course
require less computation.

The initial panel-width is one ''standard Doppler width"" (SDW), This is
defined to be the half width at half maximum of a Doppler line with a frequency
equal to that at the center of the hand in question. The kinetic temperature used
to define SDW is the lowest encountered in the atmospheric profile.

(1) Numerical Integration

The application of Gauss quadrature over panels of fixed width is a straight-~
forward exercise. In our case, once the integration has progressed into the
smooth wing of the radiance profile--that is, past all extrema which might appear
in I, -~the panel widths are doubled in each successive panel. The condition
used to establish that the function is smooth by this definition is that 7, be less
than 0,5 at the end of the last panel previously considered. That is, Vg is chosen
to be the end of the panel within which the path optical depth first drops below
one-half,

The rationale behind this criterion for smoothness is that, for a fixed number
of points, the absolute accuracy of any numerical integration algorithm is gener-
ally worst in intervals within which the integrand has maxima and minima. The
validity of the corresponding choice for Vg is demonstrated in the following
manner. One rewrites Eq., (14) as

Iy(s) = <R>(1—exp(-‘rv(s,s'))] (28)

by making use of the definition

S S

<R> = fR(s)F,,(s.s")ds”/ _/F,/(s.s")ds" (29)
Sl SI

and the integrability of ¥, (s, s'), as in Eq. (23), <R > is a function of v, One
sees that Ip is the product of a weighted average of R and the absorptivity over
the entire path. Bullitt et al7 show that <R > asymptotically approaches a limit~
ing value, <R>_, for large lv - v, |, and that the departure from this limiting
value is very modest whenever T, <1, Onthe other hand, the absorptivity
rapidly departs from its limiting value of unity only when T, >1. \loreover,
because of its functional forin and because T, decreases monotonically with




increasing v, the absorptivity factor cannot by itself induce extrema inthe radi-
ance profile. One can then say that the functional form of the thick-line radiance
profilec . dominated by <R> near the line-center and by the absorptivity in the
wings, and that the extrema in I, must therefore be limited to the frequency range
for which T, >1. To be conservative, we take T, ~0.5 as the criterion for deter-
mining Vg; in fact, we find that the outermost maxima in Ip usually occur at
frequencies for which 2< 7, <5.

(2) Analytical Approximation After Cutoff

We cut off the numerical integration at V. only when it has passed into the
region T, << 1. The contribution from this "tail'’ of the radiance profile is

[

T(y,s - Zfly(s)dv (30)

Ve

From Eq. (11), this can be written as

s (=23
_ A/ ”" f t "
TW.s) = o, nu(s) /| fy(s’)dv | ds'. (31)
c

If the lineshape is a Voigt function, its functional form in the tail can be approxi-
mated by a Lorentz function, an asymptotic expansion of the Voigt integral, or
some other means (see Section 2,3.5). One can then evaluate the V-integral in
Eq. (31), with the result that

(3]

- _-L _1_ 1" T "
T(v.,s) = an? Vo ./;. n (s")e; (s")ds (32)

where a is the Lorentz width due to the collision-broadening component of f,.

In NLTE, of course, the integral is a sum over homogeneous layers. When this
conversion is made and the Einstein absorption coefficient is used to replace A,

with Eq. (10), the result is

, B hv
1 2 &1 0
vy, ):i)[zC»o g, nu(si)] [ < By u] o (s;)4s; (33)

EILY

T( Vc,s) =

After substituting Eqs. (4) and (13) for the first quantity in square brackets and
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Eqgs. (17) and (18) for the second, most factors cancel, and one is left with a
result expressed in simple terms:

21 47y
T(v_, 8 T —— 2 R.o, (s,) (34)
( c s) bt ”c'”o>i: i L1 [Vi

In this equation, the term in square brackets and the other factors in the sum are
independent of frequency [since, according to Eq. (18), the frequency-dependence
of the optical depth is entirely contained in the lineshape], The sum therefore
needs to be evaluated only once for each line, say at Ve It is then a simple matter,
after the completion of the integration of each successive panel, to determine the
approximate residual contribution from the entire region beyond that panel.

The more panels that are taken, the more accurate this residual term will be.
The difficult part is determining just how accurate it is. Our procedure for
determining Vs which is likely to be refined in the future, is based on empirical
tests which show that if a quantity x, defined as

K= Bel /Ty, (35)

is greater than T( Vs s), the fractional error introduced in I(s) by cutting off the
numerical integration and adding T to the previous result will be less than €.

In Eq. (35), Ic is the cumulative integrated radiance in the panels treated so far,
TVc is the optical depth for the path at the end of the last panel, and € is the
desired accuracy of the integrated radiance in the line, expressed as a fractional
error. The optically thickest path is used to evaluate K . This approximation

is accurate enough to correctly evaluate the integral over a range contributing
several percent to the total result in typical cases, and thus can eliminate numer-
ical treatment of many panels in the far wing of the radiance profile.

If a Doppler, rather than Voigt, lineshape is selected, a different residual
term is used in place of Eq, (34),

In order to evaluate Eq. (34), the collisior-broadening linewidth a; (s;) must
be computed for all relevant layers. For each .ine, the AFGL database contains
a standard collision linewidth, a,, calculated or measured for STP. This quan-
tity is corrected for temperature and pressure to yield

T
oapls) = apy (?s') (36)
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where Pi and Ti are the pressure (in atmospheres) and the kinetic temperature in
the ith layer, respectively. The exponent, x, to which the temperature ratio is
raised, is equal to 0.50 for all molecules except CO2, for which a value of 0,75

. 2

is used.

2.3.4.2 Thin-Line Approximation

In the event that the path optical depth at the line center (and hence at all fre-
quencies) is much less than unity, the integrated radiance can be computed
analytically. In effect, one ignores absorption along the path and integrates the
volume emission rate for the whole line along the path. If one takes Eq, (11) and
sets the exponential equal to unity, only f; contains a v-dependence. Upon
inserting the result into Eq. (27), interchanging the order of integration, and
using Eq. (5), one quickly arrives at

s
I(s) = %r fnu(s")ds" (37)

s'

After this integral is converted into a sum over homogeneous layers, one follows
steps which are almost identical to those used to derive Eq. (34) from Eq. (32)

to obtain
AT, .
I(s) = 2 R, Tv;_ (38)
i ! vi

This sum can be evaluated in a single loop through the atmosphere and therefore
requires much less computational effort than the numerical integration.

The criterion that we use to determine whether Eq. (38) is an acceptable
approximation to Eq. (27) is based on the value of the total path optical depth at
the line center, For lines with

T, (s,s") < 3¢ (39)
(o]

NLTE bypasses the thick-line algorithm, ¢ is the quantity introduced below
Eq. (35),

2.3.4.3 Accuracy

The NLTE algorithm has been designed to perform a detailed calculation and
produce accurate results in a reasonable amount of computation time, The

17

4

_— e Sl -




accuracy of the calculation depends on the correctness of the input data, the
physical approximations built into the algorithm, and the mathematical approxima-
tions used to implement it,

The greatest source of error in simulating a particular experiment will
generally be due to uncertainties in the quantities contained in the atmospheric
profile. For example, errors of a few degrees in a vibrational temperature pro-
file can change the volume emission rate by significant amounts, especially for
higher-energy transitions, with an ultimate effect that depends on the thickness of
the lines in question and the altitudes at which the errors are most pronounced.
Since one cannot anticipate the magnitude of errors of this sort, we focus on in~
accuracies that could be induced by the algorithm,

(1) Layering Approximation

The principal phys cal approximation incorporated into this work is, of course,
that of the homogeneous atimospheric layers., The magnitude of the errors induced
depends on the (geometrical) thickness of the layers used, the gradients in temp-
erature and number density, the degree of self-absorption along the path, and
the path geometry itself, We estimate that with 1-km atmospheric layers, total
errors in the integrated radiance will be less than 2 percent for any single line
for most realistic atmospheric profiles. For bands containing both thick and thin
lines, the error is likely to be much less than this. In both cases, the error will
be in the direction of predicting too little radiance.

These conclusions are based on some hand calculations and also on the use of
a contrived atmospheric profile, Since the number densities have a nonzero
gradient at all altitudes and change by orders of magnitude over the range of the
viewing paths, one's attention is first drawn to the approximation represented by
Eq. (15b). Suppose that all number densities can be characterized by a local
scale height everywhere-~-that is, these functions are truly exponential within each
layer. Then, assuming "correct” values p (s;) and P(si+1), Eq. (15b) gives the
actual path-average number density ouly for zenith geometry, For limb geometry,
greater distances are encountered in the lower part of each laye r--particularly
near the tangent point--and this formula underestimates the path average by a
small amount. As a result, both the optical depth and the volume emission rate
are a little too small. Fro.n Eq. (11), one can see that, in general, these two
errors tend to cancel, but the degree of cancellation depends on the optical depth.
Intuitively, one suspects that the worst-case fractional error results for thin lines
because the attenuation term, which in general compensates for the understated
volume emission rate, is small,

To verify these conclusions, we used a contrived atmospheric configuration
for which the correct path optical depth and the radiance, as well as the values
that would be obt:ined by our algorithm, could be calculated analytically, The
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assumptions were that of an equilibrium isothermal atmosphere, an exponential
emitter density, and a Doppler lineshape. The correct integrated radiance for a
single line under these conditions is

I(s}) = R f[l - exp(-T, (s,s') ) 1dv (40)
o

and the two limiting values for I(s) are

vy
I(s) ~ R 7 T <<1 (41a)
v vy
o
_“p S
I{s) ~ R an T T >>1 (41b)
Jwn 2 uo Uo

where Tyo is the path optical depth at the line center, Eq. (41b) results from an
asymptotic expamsion8 of the integrated absorptivity and is valid for the Doppler
lineshape. The Doppler halfwidth, ap), is given in Eq. (44) below.

With our simplifications, R is independent of altitude, and the NLTE result
for I(s) is in error only because of the error in the optical depth, The value of the
optical depth obtained by NLTE, ;Vo , differs from the correct value by a small
amount:

T = 7 (1-6) (42)
o] VO

The error term, 0, depends on the assumed scale height and is calculated analy-
tically, Taking 1km for the layer thickness and 5km for the scale height, § is
0.019 for limb geometry and 0.002 for zenith geometry; for an 8-km scale height,
the values are 0.010 and 0.0007, respectively. From Eq. (41a), one can see that
the worst-case single-line fractional error in I(s) is just § and is associated with
thin lines and limb geometry. For very thick lines, the fractional error is 1/2 ¢/
Ln( T,,O) and is thus much smaller, Since most bands are dominated by the thick-
line contributions, it follows that worst-case fractional errors in the band radiance

8. Van Trigt, C. (1968) Asymptotic expansions of the integrated absorptance for
simple spectral lines and lines with hyperfine structure and isotope shifts,
J. Opt. Soc., Am, 58:669,
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due to the layering scheme are much less than §, which is to say, for 1-km layers
and typical atmospheric profiles, less than 1 percent.

These estimates, of course, ignore the effects of temperature gradients on
the error induced by the layering approximation, but we believe that they are unim-
portant. Consider the approximation of the upper state vibrational temperature,
Tv. by Eq. (15a). This quantity determines the volume emission rate and thus af-
fects the radiance calculation. One can see that, in regions where TV has a sharp
maximum Eq. (15a) understates it. (For limb-look, however, the path-average
temperature is different from the layer-average, as before.) The error will be a
factor of approximately exp (czEA/TV). where E is the vibrational energy of the
state and A is the error in Tv' A change in the vibrational temperature gradient
equal to 0.5 K/kmz, which is quite steep, gives a value of A on the order of 0.1K
for 1-km layers and 0.5K for 2-km layers. For 1-km layers and a 2, Tum tran-
sition, the volume emission rate would err by, at worst, 1 percent in a few layers
near the extremum. (For a lower-energy transition, the error would be much
less.) In the very worst case, the extremum is a sharp maximum near the tangent
point, and there is little attenuation at higher altitudes. In this case, the error
adds to that discussed earlier; under most circumstances, however, it is consid-
erably smaller, and the general estimates given earlier remain valid.

In extreme cases, inaccuracies due to the layering approximation can, of
course, be reduced by using thinner layers, especially at the lowest levels.

(2) High-Altitude Cutoff

A second physical approximation is that all effects due to layers above a cer-
tain altitude can be ignored. For an arbitrary atmospheric profile and arbitrary
line strengths, it is difficult to say, a priori, how many layers are needed. Gen-
erally, 50 1-km layers are adequate for bands dominated by thick lines.

One realization resulting from the tests we performed on NLTE is that, for
lines quite far from the band center, the optical depth per layer may increase with
increasing altitude, rather than the reverse, if the calculations extend into the
lower thermosphere. This comes about because the elevated temperatures in the
upper layers increase the lower rotational-state populations dramatically for such
lines. This more than offsets the effect of decreasing total number density, and it
means that many layers may be necessary if the precise contributions from such
lines are needed. Because these lines are weak, their contribution to the radiance
from a whole band is almost always negligible,

One can, of course, extend one's model atmosphere as high as is necessary
to eliminate any possible error from this source.

(3) Overlap

The third physical approximation inherent in NLTE is that the lines are
independent of each other--that is, that overlap is not a relevant consideration.
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For the bands in the high-altitude non-LTE regions we usually consider, the lines
are spaced sufficiently far apart--even in the Q branches-~so that the numerical
integration regions do not, in fact, run into each other. Since the numerical
integration is cut off only when T;, <<1, as described in Section (2), the error
induced by ignoring overlap is completely negligible for these cases. Of course,
for very strong closely spaced lines and low=-altitude viewing paths, overlap may
be a relevant consideration. We have made no quantitative estimates of its effect
on the integrated radiance, but it is clear that the error would be in the direction
of predicting too much radiance.

(4) Mathematical Approximations

Several mathematical approximations employed in NLTE have been described
earlier. They include use of numerical integration to evaluate Eq. (27) [(1) in Sec-
tion 2. 3. 4. 1], the thin-line approximation (Section 2. 3. 4. 2), and the tail cutoff ap-
proximation [(2) in Section 2. 3.4, 1]. Also, the use of the Voigt function (Section
2.3.5) implies mathematical approximations as well as the physical assumption
that that function is appropriate for the absorption cross-section., Last of all, ap-
proximations used to calculate the partition functions are discussed in Section 2,3, 7.

In the case of the numerical integration, one can only check the accuracy by
comparing results using different numbers of integration points per panel. In all
cases we have tested, the difference between using four points and using eight
points is on the order of 0.01 percent or less, and thus negligible.

Two other approximations are scaled to the nominal desired accuracy, €, and
thus can be made as small as necessary. The thin-line approximation produces a
worst-case fractional error of almost exactly € ., That is, if the line falls just
below the thin-line threshold, the error is ¢ times the computed intensity and is
positive (too much radiance), Weaker lines produce smaller errors, so using the
default value ¢ = 0,01, the error induced in the integrated band radiance by this
approximation alone will be less than 1 percent even if there are few contributions
from thick lines to be added in.

In a single-line run, NLTE ijgnores the thin-line criterion and calculates the
radiance numerically even for very weak lines,

Similar considerations apply to the analytical tail approximation. The worst-
case error for a single line is approximately € , but the average error is con-
siderably less, and the resultant effect on the band radiance is thus quite small.

The Voigt algorithm is discussed in the next section. It is so accurate that it
does not contribute to the error in I{s). The partition function approximations also
contribute a negligible amount to the final error,

(5) Summary

The algorithm has been refined to the point where the uncertainties in the
atmospheric profile used as input must be regarded as the dominant source of
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error in the integrated radiance calculated by NLLTE. The only exceptious to this
would come if a very coarse altitude grid were used, or possibly if extremely
disturbed atmospheric conditions (for which we have not checked our approxima-
tions) were assumed,

2.3.5 VOIGT ALGORITHM

It is very important to account for collision-broadening in the absorption
cross section, even in high-altitude regions where collisions are relatively
infrequent and the ratio of the collision linewidth to the Doppler linewidth is very
small. This is true because many lines may be severely self-absorbed in the
line center even for paths traversing only very high-altitude regions, In such
cases, the contribution in the wings, where the collision component dominates,
constitutes a large part of the total radiance profile, It is, therefore, necessary
to have an accurate representation of the lineshape in the wings, which is to say
that the Voigt rather than Doppler profile must be used., Errors of 50 percent to
100 percent can easily be made by neglecting collision-broadening.

The Voigt function, which is the convolution of a Lorentz function and a
Gaussian, can be specified by two parameters: the linewidth ratio, y, and the

normalized frequency, x:

o
y = J&n2 L (43a)
an

x = Jin2 a" (43b)

a and a, are the collision-broadened and Doppler linewidths, respectively, and
are functions of altitude. oy is given in Eq. (36) and a,, is

a

1/2
v, (M> (44)

Mcz

D
where M is the mass of the molecule, k is Boltzmann's constant, and ¢ is the
speed of light,

We originally used a very accurate Voigt routine due to H_vbickiu (VWERF),

9. A method due to Rvbicki, described in Emission, Absorption, and Transfer of
Radiation in Heated Atimospheres (1972}, BT, Armstrong and R, W,
Nichols, Pergamon, New York.
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which correctly gives eight significant figures over the entire x-y plane. An
algorithm due to Pierluissi et allo (ZVOIGT, which pieces together three form-
ulas to cover the plane) runs considerably faster but is inaccurate in the near
wings (x ~ 3) for an important range of values of v. To speed our calculations,
we rewrote Plerluissi's algorithm so that it gives results which are accurate to at
least 0.1 percent in the line center (x < 1,25) and 0, 5 percent everywhere else
except where y < 10-6. To accomplish this, we checked the accuracv and speed
of routines using different representations of the Voigt function throughout the

x-y plane., We then pieced them together in such a way that the fastest routines
occupy as much of the plane as possible, and the calls to the routines and the
logical branches to the different regions use as little compute time as possible., A
detailed description of our routine, ZVGTC, will be given elsewhere; in this
section, we mentioned only a few points which are relevant for NI.TI,

In the previous paragraph, we indicated the minimum accuracy criterion for
ZVGTC. In fact, it is only near the boundaries between regions where these
limits are approached. Over much of the plane, esp=cially in the line center with
y > 0.001, its accuracy is six figures or better, We have tested NLTE with both
VWERF and ZVGTC and have found no differences in the final results for the
radiance. The advantage ot ZVGTC 1s that 1t runs in less than one third of the
time required by VWERF,

Figure 4 shows the division of the x-y plane into the four regions used in
ZVGTC, Region 1 is treated using Pierluissi's series expamsion10 modified to
deal with an extended range in x. Regions 2 and 3 use 6- and 2-point Gauss-Her-
mite quadrature, respectively. u These formulas involve only rational functions
and are very fast, For thick lines, a large fraction of the function evaluations fall
in these regions. In Region 4, we substitute the Dopple profile for the actual Voigt
function, in the interest of speed.

The arithmetic used for Regions 2-4 is fast enough so that branching operations
encountered in the subroutine actually begin to compete with the function evalua-
tions for computation time., The peculiar shape of Region 1 results fromn a need
to avoid transcendental function evaluations in the branches. For similar reasons,

we avoid repeated entries to the routine by evaluating the Voigt function for manv

10. Pierluissi, J.H., Vanderwood, P,C,, and Gomez, R, B, (1974) Fast calcula-
tional algorithm for the Voigt profile, J. Quant. Spectrosc. and Rad.
Transfer 18:555,

11, Kalshoven, J,E,, Jr,, and Walden, H, (1983) Laser bandwidth and frequency
stability effects on remote sensing of atmospheric pressure as applied to a
horizontal path measurement, paper presented at topical meeting on Optical
Techniques for Remote Probing of the Atmosphere, Incline Village, Nev,
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lavers all at once, using a loop within the subroutine rather than one in the main

program.

1072 §
1073
107*

1073

107

Figure 4. Segments of the x-y Plane Allocated by the
Voigt Routine ZVGTC. In Region 1, th{: Voigt ‘unction
is evaluated using the ZVOIGT series. 0 In Regions 2
and 3, 6- and 2-point Gauss-Hermite quadrature are
used, respectively, In Region 4, the Doppler profile is
substituted
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2.3.6 SYNTHETIC SPECTRUM

To simulate the imperfect resolution of a real detector, NL.TE evaluates a
simple sum that approximates the convolution of the calculated spectral radiance
with an instrumental scanning function.

In geaeral, if Ij (V- UO) represents the radiance profile of the jth line at
wavenumber v, and g(V -p') is the scanning function--the pattern through which
the intensity at V' is redistributed to ¥ by the instrument--the contribution to the

observed spectrum due to this line is

Gj (u)=f1j(u'-uo)g(v—u')du' (45)

g must be normalized to unity. Observe that our notation is slightly altered:
The quantity in the integrand is what we previously called Iy (s).

In NLTE, calculation of this synthetic spectrum is simplified by two assump-
tions., First, we take the instrument function to be triangular in shape:

glv-v)=[a-1v-v]1/8% |v-y | 4 (46a)
- = - >A
gv-v)=0 | v uol (46b)

where A is, by definition, the full width at half maximum of the function. Second,
we assume that g is much broader than the width of the individual-line radiance

profiles, and that the latter may therefore be approximated by delta functions:
IJ(V-VO)~Ij6(v- l/o) 47)

where I. is the integrated radiance determined by NI.TE. The convolution is then

trivial, and the spectral radiance is given by a sum over lines:
A- v - v |

Gw)= 2 G . (w) =2 I, —— 91 (48)
i ! i ! X

By requiring the intensity to be "located' at each line's center, this procedure,

of course, obscures any details of the individual radiance profiles.
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2.3,7 PARTITION FUNCTIONS

In order to calculate the optical depth in the various layers via Eqs. (18) and
(19), one uses the vibrational and rotational partition functions, Qy and Qr . It
happens that these appear only in ratios: the partition function for conditions
pertinent to a particular layer divided by the partition function for ILTE conditions
at the standard temperature, Tg,

We take the vibrational partition function to be similar to the harmonic-oscil-

lator partition fuaction,
Q(T) ~ {1-expl-coE /T )] P (49)
v v xp 270 v

where EO is the energy of the oscillator fundamental, TV is the vibrational temp-
erature, and D is the degeneracy of the excited states. ¥or diatomic molecules,
this is an approximation in that it assumes equally spaced levels and a single
vibrational temperature giving the populations of all the states. For triatomic
molecules, we assume that EO refers to the lowest-lying ladder of states, and
thus make the additional approximation of not counting the states in the other
ladders. (For example, in CO, we take E, = 667,379 em~! and D=2, corres-
ponding to the V, fundamental, and thereby neglect the v states, the V3 states,
and the combination states. A better approximation in this case would be to use
the product of three such functions, but this still neglects the combination states,

In fact, these approximations are excellent ones. At normal temperatures,
neglect of the ¥; and v, states reduces Qy by about 0.1 percent and 0. 002 percent,
respectively, for COg. The differences due to anharmonicity are similarly small.
The fact that Q,, appears as a ratio further dilutes the effect of these errors. The
uncertainties associated with any vibrational temperature profile clearly domi-
nate the errors caused by these approximations.

For CHy, the energy levels are more complicated, but Qy can be approxi-
mated to about 1 per‘cent12 by taking empirical values of 1370¢m” "~ and 5 for £,
and D, respectively,

For 02. several transitions in the near infrared are electronic transitions,
but NI.TE treats them as if they were vibrational transitions. In this case, Eq.
(49) is, of course, wrong in principal. The levels are so high-lving, however,
that ©, is practically identical to unity, and, in practice, kg, (49) is pertfectly

adequate,

12, Bullitt, M.K. Private Communication.




The temperature dependence of the rotational partition function is approximated
by

Qg(T) (T )j
DS A S = (50)
QR(Ty) T

s

where the exponent, j, is unity for linear molecules, and 1.5 for nonlinear mole-

cules. 2

3. USE OF THE PROGRAM

3.1 Introduction

NLTE is written in FORTRAN'77,. It requires about 106000 (decimal) words
to compile and load on the CYBER 750 at AFGL. A high-optimization option
should be selected at compile time (OPT=2 on the FTN5 compiler) if a full band
is being run., Each run requires about 2 seconds to perform all the initialization
steps, and then a fraction of a second for each line considered. The exact amount
of time required, of course, depends on the amount of computation to be done--~
that is, on the optical depth of the line, the number of atmospheric lavers, the
number of integration points selected, and so on--but it is typically about 0,25
sac, per line on the CYBER,

NLTE requires information from three data files, which are associated with
units 1, 2, and 3. These files contain general program directives, an atmospheric
profile, and a coded AFGI. line file, respectivelv. We reiterate that program
NL.TE, in its stand-alone form, deals with single vibrational Lands, As such, the
program input on units 1 and 2 is specific to the band in question. (In fact, unit 1
iden‘ifies the band.) To obtain the total radiance from several overlapping banis,
it is necessary to run the program sz2veral times, On unit 2, data pertaining to
bands other than the one of interest are ignored.

NIL.TE prints output on units 4, 5, and 6, with unit 4 being used for the princi-
pal results and units 5 and 6 containing supplementarv and diagnostic information.
If a synthetic spactrum is calculated--that is, if an instrumental scanning function
is spe cified (see Section 2.3, 6), NLLTE writes the spectral radiance to unit 7 as
well as to unit 4, To obtain the total spectral radiance of overlapping bands, the
program must be run once for each band, On the first run, a new file is associa-
ted with unit . ; on succeeding runs, the earlier file is read, the results for the
new bands are added in, and the same file is rewritten so that the cumulative

results are available. This is all done automatically, provided that the original




file is available and the instrumental scanning function and certain other para-
meters are the same,

The present version of NLLTE is written so that an optional file associated
with unit 9 can be created for use in interactive mode, This feature is discussed
in Section 3.3.5.

On the CYBER 750, the default filenames TAPE1-TAPES are used for the
files associated with units 1-6. Unit 7, if selected, is associated with file SPECH,
Unit 9 is associated with OUTPUT on the CYRER,

Units 2 and 3 are rewound before they are read; unit 1 is not., One can thus
put program directives for several runs on (separate records of) unit 1 if the runs
are to be done consecutively. Unit 7, if it is used, is also rewound before it is
read, Except for unit 9, all files to which NI.LTE writes output are rewound before
normal termination of the program.

Appendix C contains the source listing for NI.TE, Appendixes A and B give
sample program input and output for two separate jobs--one which calculates the
radiance from an entire band, and another which gives the results for a single
ro-vibrational transition., They also contain the command sequences used to run
these jobs on the CYBER.,

3.2 Input Requirements

Unit 1 contains general program directives :nd physical parameters descri-
bing the transition(s) being considered, It is read with list-directed reads, which
allows for flexible input formatting and makes it easy to use defaults, In fact,
many of the quantities, particularly the program directives, have built-in defaults
which do not need to be changed by the user in most circumstances.

Units 2 and 3 are each read in fixed formats, described below. In general,
there are no default values for the quantities read from these files; however, on
unit 2, the program will, as discussed in Section 3.2,2,3, interpret the input
fields in a way which varies with the circumstances,

All three input files may begin with header cards containing alphanumeric
information to identify their contents, Header cards are identified bv the charac-
ter C in the first column. Any number of header cards mav be included at the
beginning of the files, but after the first actual data are read, all information is
interpreted as data. That is, "comment cards' cannot appear in the bodies of the
input files,

Sections 3,2,1-3,2,3, below, describe the input information lor the three
required data files.,




3.2.1 UNIT 1: GENERAL PROGRAM DIRECTIVES

Table 1 lists the program input obtained from unit 1. The list-directed read
allocates one field, of arbitrary length and delimited by commas or blanks, for
each variable. Variables corresponding to null fields--defined, for example, by
consecutive commas--are unchanged from their previously-set default values. A
slash (/) after any field terminates the read operation and defines the remaining
fields as nulls. It is thus necessary to provide numerical or character input only
for those quantities for which no default is listed in Table 1. For list-directed
reads, all character variables must be enclosed in single quotes ('), as indicated.

Appendixes A.1 and B. 1 contain sample input for two different jobs. Sections
3.2.1.1 - 3.2.1,5, below, discuss the informa‘*ion read froom the four or five

card-images comprising file TAPE 1.
3.2.1.1 1A: Line Directives

Information on the line directives card ientifie~ the transitions under consid-
eration. The molecule code is a characrer variable . orresponding to one of the
first eight infrared-active molecule. included in the AFGIL database--that is,

'H20', 'CO2', '03', 'N20', 'CQ', 'CH4', '02', or NO' shauld be read. The iso-
tope code and the designation of the vibrational states are standard AFGI. notation. 2
For linear molecules only, within the band identified by UST and 1.ST, one may
consider only the P, Q, or R branches, or else all branches (default). For the
branch(es) considered, one may choose a single rotational quantum line--identified
by NRL, the J quantum number of the lower rotational state--or all the lines
(default).

3.2.1.2 1B: Viewing Path Parameters

The viewing path parameters define the line-of-sight of the observer. NLTE
can handle limb- or zenith-look geometry. In limb-look, the path is parameter-
ized by a single quantity, the tangent height. The observer is presumed to be
above the atmosphere and the path extends from space to space through the tangent
point. In zenith-look, the sensor looks directly upwards from some point within
the atmosphere. The path is parameterized by this observation height.

NLTE is capable of calculating the radiance over many--but not more than 50
--viewing paths in a single run. The viewing path param~ters are defined by a
range (TANI-TANF) and spacing interval (SPAC) rather than a set of discrete val-
ues. Limb- and zenith-look geometry are distinguished by the sign of SPAC, If
SPAC is positive, NLTE assumes limb-look; if SPAC is negative, NLTE computes
the radiance in the zenith. For example, if card 1B contains ''70, 85, -5'"", obser-
vation heights of 70, 75, 80, and 85km are assumed for the zenith calculation, If
a band-radiance calculation involves more than 500 lines, only five viewing paths

can be run at once,
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Table 1. Program Input on Unit 1

Variable Description Units Type Example Default
CARD 1A: Line Directives
MOL Molecule code -— Char ‘CO2! —
1SO Isotope code — Integer 626 —
UsT Upper vib level — Char '01101" —_
LST Lower vib level _— Char '00001" —
BR Branch (P, Q, R, A) — Char Q! A
NRL Rot'! Line number —_ Integer 14 999
CARD 1B: Viewing Paths
TANI Lowest tang or observ ht km Real 70 —
TANF Highest tang or observ ht km Real 85 TANI
SPAC Interval km Real 5 +1
CARD 1C: Program Directives
HMAX Top of atmosphere km Real 130 see text
ACC Accuracy — Real 0.05 0.01
NPTS Integ pts per panel - Integer 2 4
NDP Lineshape code —_ Integer 0 0
VMIN Low end, freq range em™! Real 600 0
VMAX High end, freq range em™! Real 800 20, 000
CARD 1D: Synthetic Spectrum Parameters
FWHM Width of scanning fn cm_l. #m Real 20.1 0
DEL Spacing of points em”?, um Resl 2 1
UNIT Units of FWHM and DEL — Char 'CM-1" 'CM-1'
CARD 1E: Band parameters**
VIBE Vib energy of transition em-! Peal 667.379 —
VIBL Vib energy of lower state em™1 Real 0.0 —
VIBQ Vib quantum in part'n fn em™! Peal 667.379 —
GL Statistical wgt, lower st — Integer 1 —
GU Statistical wgt, upper st — Integer 2 —

**Note that card 1E is sometimes superfluous (see text)




3,2,1,3 1C: Program Parameters

HMAX is the highest altitude to be considered in performing the calculation--
that is, the "top' of the atmosphere. It should be sufficiently greater than TANF
so that the radiance contributions from higher (neglected) altitudes are of little
consequence, It defaults to the highest altitude in the profile read on unit 2.

ACC is the nominal accuracy of the integrated radiance computed for each
individual line, expressed as a fractional error. It was introduced as ¢ in
Section 2, 3,4, Except for the numerical integration, all the mathematical (as
opposed to physical) approximations are designed to contribute errors in the end
results which are smaller than this amount,

NPTS is the number of integration points per panel in the numerical integra-
tion over frequency. Acceptable values are 2, 4, and 8, We know of no way to
assess the accuracy of the integration procedure except to increase this parameter,
However, for most cases we tested, using the default value (4) instead of the
maximum value (8) introduces errors of less than those allowed by specifying
ACC = 0,001,

The lineshape code, NDP, can have the values -1, 0, and 1. The default
value, 0, selects the new Voigt routine ZVGTC. A value of +1 gives the Doppler
lineshape. A value of -1 accesses Voigt function VWERF, which is very accurate
but much slower than ZVGTC, We have not found any case in which the older
routine gives significantly different results.

VMIN and VMAX define the range of line positions to be searched on unit 3

for transitions to be considered, Default is to search the entire file,
3.2.1,4 1D: Synthetic Spectrum Parameters

If a syathetic spectrum is desired, a positive number must be read for
FWHNM; otherwise the default condition (no synthetic spectrum) is assumed. The
result is in units of watt/(cm2-ster-cm=-1) or watt/(cm2-ster-ym), depending on
UNIT, Possible values of UNIT are 'CM-1' and 'UM', If spectra from previous
runs are being added in, FWHA\I, DEL, and UNIT, as well as TANI, TANF, and
SPAC, must all be exactly the same as the earliest values. No more than 12

synthetic spectra will be generated, even if the number of viewing paths is greater,
3.2.1,5 1E: Band Parameters

In srder to perform the radiance calculation, NI.TE uses five parameters
which represent properties of the vibrational le sels under consideration. In order
to ease the input requirements, these properties of many important levels of two
important molecules. COg, and NO, have been stored in BLLOCK DATA MOLPAR
for automatic retrieval by the program. For other molecules wuud for €Oy and NO
levels not included in this database, however, it is necessary to read in these
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quantities. The fifth data card must then be included on unit 1.

The three energies needed are VIBE, the energy of the vibrational transition,
which is needed to calculate ¥ ; VIBL., the vibrational energy of the lower state,
needed for Py and also for other purposes; and VIBQ, the energy of the lowest
lying vibrational state, needed to calculate the vibrational partition function, The
statistical weights of th= uppar and lower states are used to calculate the popula-
tions of the vibrational levels, Table 2 gives the list of vibrational levels for
which the necessary information is stored, Card 1E can bs omitted if the radia-

tive transition connects any two of these vibrational states.
3.2,2 UNIT 2: ATMOSPHERIC PROFILE
3.2.2.1 Requirements for the Atmospheric Profile

The information contained on unit 2 defines the model atmosphera, Since
NLTE provides no means of determining the populations of the radiating states
independently, it is necessary to read a sufficient amount of data to enable such a
calculation for all altitudes of interest. The information read pertains to vibra-
tional levels, not ro-vibrational levels, (The ro-vibrational populations are
derived using a rotational temperature equal to the kinetic temperature), The
vibrational partition function, Qy, is also needed and information used to evaluate
it is contained on unit 2,

We distinguish between regular bands, in which the lower vibrational state
is the ground vibrational state, and hot bands in which the lower vibrational state
is not ground. In general, we regard each vibrational state as having its own
vibrational temperature, even though, in practice, strongly-coupled levels may
be described by the same tempzrature profile. Because the vibrational tempera-
ture of the ground state is not meaningful, less input information is required for
regular bands than for hot bands.

Since the vibrational levels may be described in alternate but ejuivalent ways,
NLTE provides different input options for users with model atmospheres expressad
in terms of different quantities. For regular bands, the populations of the upper
and lower radiating vibrational state s may be calculated from the total number
density and the upper-state vibrational temperature, or conversely. For hot bands,
the total number density is required, but one may specify either the number den-
sities or the vibrational temperatures of the upper and lower radiating vibrational
states. NLTE allows for input in various combinations, and it distinguishes them
automatically according to criteria discussed in Section 3.2.2.,3.

For the partition function, the approximation discussed in Section 2,3.7
requires the vibrational temperature of the lowest vibrational level of the mole-
cule, This can be read directly or calculated from the number density of this
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Table 2. COg2 and NO Vibrational Levels Included in MOLPAR

CO3 levels

iso 626 636 628 627 638 637 828

level
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01111

MoX X M M M X X
ETRE R T
E I T T ]
E T T I ]

10012
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20013
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NO levels
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46 56 48
level
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level and that of the ground state, NLTE automatically distinguishes between
these two possibilities, also.

3.2.2,2 Input Format

Unit 2 is read using a formatted read which is the same for all o ptions,
Following the header, the card-images each contain all the information pertaining
to a single altitude. They are ordered according to increasing altitude. No more
than 250 altitudes, corresponding to 249 layers, can be read. The format is
(F5.1, F10,3, 5E12,5, Al5), where the first two fields are reserved for the
altitude and temperature, and the next five are for the various allowed combina-
tions of number densities and vibrational temperatures, The character field is
used for overriding the default interpretations of the input data. (See Sections
3.2,2.3 and 3.2.2.4.)

The variables which can be read from unit 2 are defined in Table 3. The last
three variables are used only for approximating the partition function. There are
11 options for reading the data, each involving a different combination of these
quantities. Six options pertain to regular bands, four to hot bands, and the last
implies LTE conditions and is therefore useful for both regular and hot bands,
The combinations are listed in Table 4.

Table 3, Variables Read from Unit 2

* ALT ----- the altitude (km) (required)

* TRTMP-- the translational temperature (K} (required)

* RHO ----- the total number density (molecules/cms). This includes all iso-
topes.

*# TVL ----- vibrational temperature of the lower level (K). (Hot bands only.)

* TVU ----- vibrational temperature of the upper level (K)

* NL------- number density of the lower vibrational level (molecules/cms).

Unlike RHO, this refers only to the isotope under consideration.

* NU------- like NL, but for the upper vibrational level
* TVQ ----- vibrational temperature of lowest excited state {K)
* NO------- number density of the ground vibrational state (molecules/cmB), for
the isotope under consideration
* N1------- like NO, but for the lowest excited vibrational state
34
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Appendixes A.2 and B, 2 contain sample atmospheric profiles using two differ-
ent input options. A.2 illustrates the use of vibrational temperatures on input
(option 7). B.2 illustrates the use of number densities for both the radiative
transition and the vibrational partition fuaction,

Table 4. Possible Combinations of Input Data
on Unit 2,

Option
Regular Bands:

1. ALT, TRTMP,RHO, TVU, TVQ
2. ALT, TRTMP,RHO, TVU, NO, N1
3. ALT, TRTMP,NL, NU, TVQ

4. ALT, TRTMP,NL, NU, NO, N1
5. ALT, TRTMP, RHO, TVU

6. ALT, TRTMP, NL, NU

Hot Bands:

7. ALT, TRTMP,REO, TVL, TVU, TVQ
8. ALT, TRTMP,RHO, TVL, TVU, NO, N1
9. ALT, TRTMP,RHO, NL, NU, TVQ

10. ALT, TRTMP, RHO, NL, NU, NO, N1

LTE Conditions:

11. ALT, TRTMP,RHO

With options 1-4, a redundancy is implied if the radiative transition connects
the ground and first excited states because, for example, TVU and TVQ are iden-
tical, In this case, option 5 or 6 can be used, If, on the other hand, the radia-
tive transition connects a higher state, use of option 5 will require that the
vibrational partition function be calculated with the vibrational temperature appro-
piate for the radiating states rather than that for the lowest lying levels, This
leads to errors in the radiance calculation which will be quite small for most
quiescent conditions. For option 6, the radiance will be correct, although quanti-
ties which are printed but not used will be slightly in errcr.

For options 7 and 8, a blank field, or zero, in place of TVU will cause the
program to equate TVL and TVU~-that is, use the same profile for both
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vibrational temperatures,

3.2.2.3 Default Interpretations

NLTE automatically distinguishes among the 11 allowed combinations. It does
so by interpreting the data on the first card-image--that is, the data describing
the lowest altitude included on the file--according to the numerical values appear-
ing in special fields, These special fields are the fourth and fifth fields for
regulav bands, and the fourth and sixth fields for hot bands. The numbers in them
can either be zero (blank fields) or can represent a vibrational temperature or a
number density.

Vibrational temperatures generally have numerical values between 100 and
500, while number densities are usually much larger. The default criteria for
distinguishing among options are: (1) A nonpositive numerical value in a special
field indicates unavailable data; (2) A positive value below 1000 indicates a vibra-
tional temperature; (3) A value above 1000 indicates a number density. For
regular bands, for example, reference to Table 4 shows that options 1 and 3
differ from options 2 and 4 because the partition function may be calculated
directly from TVQ or indirectly from NO and N1, The value of the quantity
appearing in the fifth data field identifies it as either NO or TVQ, and the range of
possibilities is narrowed accordingly. Similarly, the quantity in the fourth field
is either NU or TVU. His value distinguishes between options 1 and 3 or between
options 2 and 4, A blank in field 5 implies option 5 or 6. A blank in field 4 implies
option 11: no vibrational temperatures are available, so the translational temper-

ature is used to calculate all populations.
3.2,2,4 Override Code

NLTE provides an override capability for the default interpretations, to allow
for possible ambiguities. For example, data intend=d to be read with an option 9
interpretation might be mistakenly read with option 7 if the upper radiating state
is only pop ulated to the extent of a few hundrad molecules/cm3. In that case it
would be necessary to read a character variable, CODE (only on th= lowest-alti-
tude card-image), to orient the program properly.

CODE should appz2ar as three consecutive characters anywhere in columns
76-90 of the lowest altitude data card. It should not be delimited with quotes.
Table 5 gives the proper override codes and the options which they force into
effect,
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Table 5. Override Codes

CODE Action

default interpretation
LTE LTE conditions prevail
T, T requires option 1 or 7
T, N requires option 2 or 8

N, T requires option 3 or 9

N, N | requires option 4 or 10

3.2.3 UNIT 3: LINEFILE
3.2.3.1 Requirements for the Linefile

The properties of th2 lines used in the radiance calculation ave taken from
unit 3, This is a coded linefile, a subset of the AFGL Atmospheric Absorption
Line Parameters CompilationZ, 3, 4 maintained by personnel at AFGL/OPI, The
quantities read by NLTE are given in Table 6, as is the format determined by the
larger database.

Table 6, Line-File Data for Each Ro-Vibrational Transition

Format Symbol Line-file Datum
F10.4 Vo Resonant Frequency (em™1)
E10.3 S(Tg) Line Intensity (LTE, 296K) (cm-l/mol-cmz)
5.4 a, Lorentz half-width (1atm) (cm™1/atm)
F10.3 E" Energy of the lower state (cm™1)
2A8, A10, A9 Quantum numbers, line identifiers
13 Entry code for these data
14 I1SO Isotope code
13 MOL Molecule code
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The physical data in Table 6 have been discussed earlier. The total lower-
state energy, E'', is needed to obtain the rotational energy, ER' for the calculation
of Eq. (19). The entry code and the molecule code are not checked by NI.TE, The
isotope code is the same as the variable ISD read from unit 1. The quantum
numbazars and line identifiers are different for different molecules. 2 n fact, the
corresponding formats are different as well. NIL.TE reads each file in a fcrmat
appropriate for the molecule being considered.

Appendices A, 3 and B. 3 give examples of coded linefiles appropriate for input
to NLTE,

3.2.3.2 Obtaining the Linefile

The AFGL Atmospheric Absorption Line Parameters Compilations has been
described in many publications, 2,3,4 At A¥GL, it resides on a disk pack to
which it was written in buffered binary form. Dr. L.S. Rothman, who is respon-
sible for the compilation, has prepared a Cyber Control l.anguage procedure,
WRITE, for obtaining coded subsets of the database,

Users who do not have access to Dr. Rothman's disk pack can obtain the
linefile information from magnetic tape. The data format and a possible approach
to acquiring files from this medium have been discussed in the repor‘tl accompany-
ing the first release of NL.LTE, and we refer readers to that publication for this
information.

Example 1 gives a control-card sequence which obtains, saves, and lists all
ozone lines between 2000 and 2020 cm™! using WRITE, The GET command locates
the file containing the procadure and the BEGIN command invokes it. The latter
contains optional parameters, described in Table 7, which determin= the disposi-
tion of the information acquired from the compilation. The data card(s) following
the end-of-record provide the information the procedure requires to identify the

desired lines.

EXAMPI.LE 1 Use of the Procedure WRITE

JOB. . .

USER. . .

CHARGE. . .

GET, P= PROCEDU/UN=ROTHMAN.

BEGIN, WRITE, P, PFN=OZONELN, COPFIL=YES.
---EOR--

2000, 2020, '03', , , , . 'PFILE'

(1) Identifying the Lines
The information to be taken from the data cards is listed in Table 8. Each

card is read with a list-directed read, which means that the data fields (eight in
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Table 7, Parameters for the Procedure, WRITE

KEYWORD VALUE DEFAULT

PFN Permanent File Name No save is done even if PFILE is
specified on some data cards

COPFIL YES NO ({(no list of TAPES)
SORTM YES NQ (no SORT/MERGE)

number) should be separated by comma delimeters and no attention need be paid to
the columns used for each field. Default values result from blank fields (consecu-
tive commas). After the last field containing a nondefault value, a slash (/) can be
used to terminate data input for that card. Either the slash or a sufficient number
of commas to define each field must be used. All input data of type character
must be surrounded by single quotes, Leading blanks inside the quotes will give
unpredictable results. Anywhere else, blanks are irrelevant. Any number of

cards can be included.

Table 8. Input Data for the Procecure, WRITE

DATUM QUANTITY TYPE DEFAULT
Vi, v2 Frequency Range (em™1) Integer, Real None

MOL Molecular Formula Character All molecules
1SO Isotope Code Integer All isotopes
UST, LST Band quantum numbers Character All bands
SCRIT Threshold Strength Real All strengths
DISPOS File Disposition Code Character List only

V1 and V2 must be specified, as there is no default. MOI. is the alphanu-
meric symbol giving the molecular formula. SO is the isotcpe code. UST and
LST are the upper- and lower-state quantum numbers for the vibrational bands
desired, The quantum numbers are different for different molecules, and their
meaning is discussed by McClatchey et al, 2 For the purposes of WRITE, one en-
ters consecutive digits inside quotes, for example, '11101,"

SCRIT is the intensity threshold. I.ines which are weaker than this threshold
are ignored. Because of the small magnitudes involved, an E descriptor should

be used,
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The data selected by the procedure can be either listed on OUTPUT or
written to TAPES, which is defined as a direct-access permanent file. DISPOS is
a code used to select the desired disposition. Entering 'PFILE' in this field causes
TAPES to be written, Anything else invokes the list option., One can list some
data and save other data by entering different disposition codes on different cards.

Lines satisfying the requirements of each separate data card are frequency-
ordered on whichever file they are directed to. However, linesfrom one data
card will always follow those from preceding cards. If the frequency ranges are
increasing ani do not overlap, frequency-ordering is preserved., Otherwise, for
TAPES, only, a SORT/MERGE option can be specified on the BEGIN card to
restore frequency-ordering. Frequency-ordering is not necessary for NLTE.

(2) Parameters for WRITE

The BEGIN card invokes the procedure WRITE (which is found on logical file
P in our example). It allows up to three optional parameters which are uszd for
separate purposes: to preserve the frequency-ordering on TAPE 8, as mentioned
above; to give the pzrmanent file name; and to cause the information >n TAPES to
be copied to OUTPUT. The form of each of these parameters is KEYWORD:=
VALUE where KEYWORD is fixed and VALUE is supplied by the user. Table 7
describes these parameters. The parameters can be entered in any order follow-
ing the logical file name. Parameters which are omitted assume default values,
the effect of which is given in Table 7.

3.3 Program Qutput

Appendixes A.4-A,7 and B. 4-B. 6 contain program output for Sample Runs 1
and 2. In general, each of the output files (units 4, 5, and 6, and also 7 if it is
used) must be copied to a printer or some other device after the program termin-
ates so they will not be lost. Sections 3.3.1 - 3. 3.5 describe the information
written to the different output files.

The program functions differently in some respects when only one line, rather
than an entire band, is being considered. In particular, the thin-line bypass option
is suppressed so that the full calculation is performed regardless of the optical
depth along the path, With one line, no synthetic spectrum can be generated.
However, the detailed radiance profile is printed out (alorg with the path optical
depth) as a function of frequency as the numerical integration proceeds outwards,
panel by panel, from the resonant frequency. Note that because of both the
Gaussian integration and the panel-width adjustment for the wings (see Section
2.3.4.1), these points are not equally-spaced in frequsncy. There are other ways
in which the printed output on units 4 and 5 differs as well.
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3.3.1 UNIT 4: PRINCIPAL PROGRAM OUTPUT

The principal program output is written to unit 4. Examples appear in
Appendixes A, 4 and B. 4.

NLTE first rep=ats the program input found in files TAPE1, TAPE2, and
TAPES3, and also writes some subsidiary information. In the case of the atmos-~
pheric profile, the first seven variables in Table 3 are all printed as a function
of altitude for the altitude range used in the calculations, even though one or two
of them will have been calculated rather than read directly, It also prints the
atmospheric pressure used to evaluatc the Voigt lineshape (taken from a program
database derived from the U, S. Standard Atmosphere, the vibrational tempera-
ture TVQ used to calculate the vibrational partition function, and the partition
function itself.

When an entire bani is considered, the integrated radiance is printed for each
line and each viewing path. Two quantities are given: the result of the numerical
integration sver the radiance profile, under the heading "thick''; and the result
which would be obtained if there were no absorption along the path (''thin'). Note
that, for very thin lines, the latter is taken as the proper result and the thick
calculation is bypassed. The principal results, the sumn of the integrated radiance
for all the lines, is then printed as "total band radiance.'’ If a synthetic spectrum
is generated, that is the last information written to unit 4,

Note that if there are more than five viewing paths, the program loops through
them in groups of five, putting out the results sequentially. Th= synthetic spectrum
for all paths still comes at the end.

As noted above, the program output for single-line runs is more Jetailed.
The radiance and path optical depth are printed as a function of frequency. and the
results of the integration over successive panels (designated P1, P2, etc.) are
also written. The contribution from the tail of the radiance profile--the region
from the last integration panel to infinity--also appears. Differences in the output
batween single-line runs and band runs can be seen by comparing Appendixes A.4
and B. 4.

3.3.2 UNIT 5: SUBSIDIARY PROGRAM OUTPUT

The output on unit 5 is quite detailed information--some of it physical and
some of it just program parameters and indices--which can be used in various
ways. Examn~les appear in Appendixes A.5 and B. 5.

For a full band, the cumulative program execution time is given for each line.
In addition, for each path, the cumulative band radiance and the path optical depth
at the center of each line are printed. The latter is useful for estimating the ef-
fects of self-absorption along the paths. In addition, the indices LB, LL, and KM
are printed. They are, respectively, the number of the first expanded integration
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panel, the number of the last panel used, and the index of the highest-ultitude
layer used. I.B is the same for all paths for a given line; the others may be dif-
ferent., LB and L.I. are zero for thin lines.

For single-line runs, two sets of altitude-dependent quantities are printed.
Among them (in the first set) are the volume emission rate, the adjusted line
strength KT, the Doppler width, the Lorentz-to-Doppler linewidth ratio RAT [y in
Eq. (43)], and the Voigt function at the line center, f”o' In the second set are,
for each path, the physical distance (in km) through each layer, the optical depth
at the line center within each layer, and the contribution to the total observed ra-
diance at the line center from each layer. The last two of these are useful for
extimating the range of altitudes "'observed' from the end of the path--that is, the
depths from which radiation escapes along the viewing path, and the altitudes at
which emission from deeper layers is effectively trapped. For limb-look, how-

ever, only the near half of the viewing path is evaluated for this purpose.
3.3.3 UNIT 6: DIAGNOSTIC INFORMATION

The information written to unit 6 is for diagnostic purposes only. Examples
appear in Appendixes A.6 and B, 6.

If peculiar program input is encountered, potential problems may be noted on
unit 6. In normal operation, the headers on cach of the input files are echoed, as
is the first data card-image. Dummy format fields are juxtaposed for help in lo-
cating the faulty input. In the case of unit 2, the program's interpretation of the
quantities on the lowest-altitude data card is given, in order to eliminate confu-
sion about the input options and to identify the logical path taken by the atmos-
pheric profile setup routine, ATMPR,

NLTE may also write other special messages, usually to make note of a
change in some program paramecter or procedure that might be needed to avoid an
execution-time error. For example, if the synthetic spectrum array is in danger
of being overfilled, NI TE issues a warning and only calculates points falling
within the allotted space. (In this particular case, the user can rerun the job with

a larger value of DEL if important information is lost. )
3.3.4 UNIT 7: SYNTHETIC SPECTRUM

Unit 7, file SPECF, is read and written only when a synthetic spectrum is
generated. The information on it is also written to unit 4; its purpose on output
is to provide a file that can be saved and used as input to another program. "An-
other' program might be NLLTE operating on an overlapping band (as discussed in
Section 3. 1), or it might be a program to read and plot the results of the final cal-
culation.

The format of SPECF is such that NLTE can read it automatically. It starts
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with a header card-image identifying the type of information on the file (band radi-
ance). This is followed by header card-images identifying the molecule, isotope,
band, and branch, with one card for each band contributing to the spectral radiance
on the file, Each of these header cards also contains the date and time of the
NLTE run that calculated that band's contribution.

The first data card-image gives the synthetic-spectrum and viewing path pa-
rameters used to generate the spectra contained on the file. It is there for NLTE
to check parameters for consistency, but can be ignored by plot programs.

The second card-image gives the number of bands contributing to the spectra
on the file, and the total integrated radiance due to all these bands.

The spectral radiance curves start at the third data card-image. For each
wavelength or wavenumber (depending on the units used), there is one card-image
giving this quantity followed by up to 12 radiance values, 1 for each viewing path.
The format is (F10.3, 1X, 12E10.3).

An example of unit 7 output appears in Appendix A. 7,

3.3.5 UNIT 9: OUTPUT FOR INTERACTIVE USAGE

NLTE is a batch-oriented code in the sense that it requires input files to be
prepar- 1 ahead of time. Since these files can be local, however, one often runs
interactively. In such cases, it is useful to have output sent directly to the user,
but the quantity of information written to unit 4 precludes the association of TAPE4
with QUTPUT, or at least makes the outcome less than satisfactory.

To surmount this difficulty, NLTE optionally defines an output file, unit 9,
which is associated with the terminal (OUTPUT, on the CYBER). The information
written to this file is a very limited subset of that written to unit 4. It includes
enough information to identify successive stages of execution--specifically, read-
ing the different input files--and also gives the principal output, the integrated ra-
diance.

The procedure for making this feature optional relies upon a conditional-
compile facility--using C$ directives--which is available on the CYBER under NOS
2.3. It is invoked by using the DS parameter on the FTN5 control card. Under
NOS, omission of this parameter results in no output to unit 9. Other compilers,
however, will regard the C$ directives as FORTRAN comments, with the result
that unit 9 will be identified and used.

3.4 Transportability

In addition to extensive tests on the CYBER 750 on which the code was devel-
oped, NLTE test runs have been completed on a CRAY 1-A supercomputer and on
a VAX 11/750 with a floating-point accelerator using VMS.

One set of modifications which is necessary in order for NLTE to run on other
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systems involves replacing the calls to the CYBER system functions DATE, TIME,
and SECOND. DATE and TIME are called in subroutine LINES, and the results
are carried into SPECTRM. SECOND, which gives the elapsed processor time,
appears in three places in the main program,

The limited dynamic range of FORTRAN variables which is imposed by some
32-bit machines can cause an overflow problem while evaluating the series repre-
sentation of the Voigt function in region 1 of ZVGTC, (See Section 2.3.5.) The
largest number which can appear there is approximately 1066; on the VAX, the
default range is only about 10t38. This problem can be avoided by using VWERF
instead of ZVGTC (set NDP = -1; see Section 3,2.1.3). Alternatively, with a VAX,
one can use the /G_FLOATING option in ZVGTC to extend the dynamic range for
the variables (AN, FNR, FNI, FPR, FPI) which require it, resulting in slower
arithmetic for Region 1. If the /G_FLOATING format is implemented in software
rather than hardware, the slowdown is considerable, and it is best to use VWERF
or find some other alternative.

If underflow messages appear in the output, setting the symbolic constant
EXPL equal to the largest argument the EXP function can handle without overflow-
ing may eliminate them, For the VAX, we use EXPL =88,

The OPEN statements for units 1-6 (in subroutine LINES) do not contain the
FILE= parameter. One uses job control language to associate input files with the
logical units (e.g., GET on the CYBER under NOS 2.3, ASSIGN on the VAX and
Cray). For unit 9, if it is used, the FILE= parameter must be set to terminal out-
put (OUTPUT on the CYBER, SYS$OUTPUT on the VAX).

The conditional-compile facility which activates unit 9 can be implemented on
a VAX using the /D_LINES qualifier on the FORTRAN command, provided that the
proper lines of code are prefixed with a D in column 1. These lines are the ones
appearing between the lines prefixed with C$ in NLTE, LINES, SPECTRM, and
HEADER.

In our tests, NLTE ran approximately four times as fast on the Cray as on the
CYBER, and seven times slower on the VAX than on the CYBER. In the latter
comparison, VWERF rather than ZVGTC was used for the Voigt function. Fast-

execute optimizations were utilized in all tests.
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f. RESULTS

NLTE has been applied to many problems involving infrared transmission in
the upper atmosphere, and has been used to simulate the SPIRE exper-iment13 and E
other experiments, In this section, we illustrate the usefulness of the code by cit-
ing results from our model of solar-pumped emission from the CO2 2] + vy com-
bination bands near 2. 7um. 14

The most important physical mechanisms involved in this model are

(1) solar pumping of the 101 and 201 levels from ground at 2.7 and 2.0um,
and of the 111 levels from the low-lying 010 level at 2. Tum;

(2) collisional reorientation reactions which redistribute the populations
among the directly-excited high-lying Fermi resonance split levels (e.g., 20011,
20012, 20013) and also to adjacent levels with different symmetry which are them-
selves not strongly pumped (12211, 12212);

(3) V-V collisions with nitrogen molecules, the net effect of which is usually
to quench the radiating levels; and

(4) spontaneous emission,

Details, including assumed reaction rates and an energy level diagram, can be
found in Sharma and Wintersteiner. 14

We first used a solar-flux absorption code, SABS, which is similar in design
to NLTE, to calculate the excitation rates at altitudes between 40 and 160 km due
to absorption in all important infrared bands of CO2. We then assumed steady
state conditions and equated the total radiative and collisional excitation rates with
the total radiative and collisional de-excitation rates to get the number densities of
all the high-lying states that emit at 2. 7Tum. Finally, we used NLTE to predict
the observed radiance on limb paths between 50 and 100km. Using an independent
estimate of radiance due to water vapor, 14 we compared these results to the
SPIRE database. Because the rate constants for the collisional reorientation re-
actions are poorly known, we also recalculated the radiance using adjusted values
for these constants in order to identify the errors they might cause and set limits
on their possible values.

Figure 5 gives, as a function of tangent height, the total C02 radiance in the
2.6 to 2. 9um region (solid squares) and the breakdown according to sets of contri-
buting bands, The most important sets are the one with the resonant 10012-00001

13. Stair, A.T,, Jr,, Sharma, R.D,, Nadile, R.M,, Baker, D,J., and Grieder,
W.F, (1985) Observations of limb radiance with cryogenic Spectral Infrared
Rocket Experiment (SPIRE), J. Geophys. Res. 90:9763.

14, Sharma, R.D., and Wintersteiner, P,P, (1985) CO2 component of daytime
Earth limb emission at 2.7 micrometers, J. Geophys. Res. 90:9789,
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LIMB RADIANCE (watt /cmster)

IO-“ 1 A L L

65 70 75 80 85 90
TANGENT HEIGHT (km)

Figure 5. Predicted CO2 Band Radiance in the 2,6 to 2. 8um Range as a
Function of Tangent Height. Circled dots represent the major-isotope
resonant bands; crosses, the bands originating in the 201 levels; triangles,
the bands originating in the 111 levels; open circles, minor-isotope reso-
nant bands; open squares, bands originaiing in the 121 levels; solid circles,
bands originating in the 301 levels; and diamonds, bands originating in the
221 levels
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and 10011-00001 transitions ((® ) and the one with the transitions originating in the
20011, 20012, and 20013 levels (x). Lines in the resonant bands are very strongly
self -absorbed on the lower viewing paths, in contrast to lines of the 2. 7um hot
bands originating in the 201 levels, most of which are thin. For this reason, the
latter group of bands provides the greatest contribution to the total radiance for
viewing paths extending below 75 km. Above this altitude, the self-absorption is
less and the resonant bands dominate. Groups of more weakly contributing bands
in Figure 5 are discussed in Sharma and Wintersteiner. 14

Figures 6 and 7 give the spectral radiance as a function of wavelength. A tri-
angular scanning function with a full width a¢ half maximum of 0.038u4m was used
to produce these curves.

In Figure 6, the total radiance is plotted for different tangent paths, These
curves are the sumimed output produced automatically on unit 7 by congecutive
NLTE runs for all the contributing bands.

Figure 7 gives, for a tangent path of 75 km, the breakdown of the spectral ra-
diance according to the groups of bands whose integrated contributions are shown
in Figure 5. These curves are also summed output from unit 7, but selected dif-
ferently,

Figure 8 gives the total spectral radiance for the 75 km tangent path, calcu-
lated using different assumptions about the collisional reorientation reaction rates.
The basic model is the same curve as in Figure 7. '""MOD1" decouples some of the
high-lying levels, and "MOD2" is the extreme case of decoupling all these levels.
(Other modifications involved coupling that was somewhat weaker, or somewhat
stronger, than that of the basic model.) One can see that the NLTE radiance pre-
dictions are quite distinct--distinct enough, in fact, that a comparison with the
SPIRE experiment allows us to rule out the more extreme modifications com-
pletely and to put lower limits on the principal rate constants,

The comparison with the experiment is given in Figures 9 and 10. Although
the spectral fit is not perfect, the discrepancies together with a detailed examina-
tion of the physical mechanisms involved indicate the direction in which the cou-
pling may be adjusted. In general, it is true that most cf the conclusions derived
from this and other similar modeling efforts rely upon comparing the total pre-
dicted radiance with experimental values, In this way--by use of an accurate and
efficient radiance code, like NLTE--one can obtain a great deal of information
about the physical processes involved in exchange of energy among excited vibra-

tional levels of one or more molecular types.
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Figure 8. Spectral Distribution of CO2 Limb Radiance for Tangent Heights

Between 60 and 100km
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Appendix A

Sample Run 1: Band Radiance

Appendix A contains Sample Run 1, in which the limb radiance due to the low
lying 02201-01101 hot band of CO2 is calculated for five viewing paths with tangent
heights between 70 and 90km. The "top" of the atmosphere was assumed to be at
150 km, and a maximum of 80 layers was used. The program required a frac-
tional error of 1 percent or less for each line, used two integration points per
panel, and ran in 17 sec on the CYBER 750 at AFGL. (Using four integration
points per panel, the same job takes 28 sec.) Synthetic spectra were generated
for each of the viewing paths and were added to spectra previously calculated and
stored on a permanent file, due to the v, fundamental (01101-00001) from the 626,
636, and 628 isotopes.

The results for the total band radiance for the five paths differ from those of

2

a similar run specifying much greater accuracy and eight integration points per
panel by 0. 14 percent, 0.09 percent, 0.41 percent, 0,87 percent, and 1.01 per-
cent. This indicates that (for this example, at least) the mathematical approxima-
tions utilized in the code perform properly,

The physical approximation introduced by the homogeneous atmospheric lay-
ers is, of course, not addressed by this comparison. However, as discussed in
Section 2. 3. 4.3, we expect the resultant errors to be on the order of, or less than,

the values given above.
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Al. Unit 1: Input for Sample Run |

'coz2', 626, '02201', '01101'"/
70, 90, 5

150, .01, 2/

.27, .05, 'UM’

A2. Unit 2: Input for Sample Run 1

The beginning of the file defining the atmospheric profile used for Sample
Run 1 is given below. The file contained data for altitudes between 65 and 249km,
but was only read to 150km. The first five altitudes were also ignored (because
the lowest tangent height was 70 km) except that the input option was determined
from the 65-km data. Option 7 was used because the fifth and sixth data fields

both conta‘n vibrational temperatures.

CAD402S ATMOS PROFILE 7/16/85

C ALT,TRTMP,RREO,TVL,TVU, TVQ--~ALL TVS SAME AS ON A0201S
C VIB TEMPS FROM BULLITT'S NU2 MODELLING USING O QUENCHING
CCo2 02201 01101 65-249 KM

65 233.294 .10397E+13 .22829E+03 .22829E+03 .22829E+03
66 230.554 .90856E+12 .22482E+03 .22482E+03 .22482E+03
67 227.814 .79397E+12 .22136E+03 .22136E+03 .22136E+03
68 225.074 .69383E+12 .21783E+03 .21783E+03 .217B3E+03
69 222.334 .60632E+12 .21424E+03 .21424E+03 .21424E+03
70 219.590 .52965E+12 .21176E+03 .21176E+03 .21176E+03
71 217.350 .45791E+12 .20853E+03 .20853E+03 .20853E+03
72 215.110 .39589E+12 .20522E+03 .20522E+03 .20522E+03
73 212.870 .34227E+12 ,.20184E+03 .20184E+03 .20184E+03
74 210.630 .29591E+12 .19839E+03 .19839E+03 .19839E+03
75 208.381 .25561E+12 .19487E+03 .19487E+03 .19487E+03
76 206.421 .21893E+12 .19146E+03 .19146E+03 .19146E+03
77 204.461 .18752E+12 .18804E+03 .18804E+03 ,18804E+03
78 202.501 .16061E+12 .18460E+03 .18460E+03 .18460E+03
79 200.541 .13756E+12 .18119E+03 .18119E+03 .18119E+03
80 198.558 .11759E+12 .17780E+03 .17780E+03 .17780E+03
8l 196.618 .10004E+12 .17445E+03 .17445E+403 .17445E+03
82 194.678 .85113E+11 .17122E+03 .17122E+03 .17122E+03
83 192.738 .72413E+11 .16814E+03 .16814E+03 .16814E+03
84 190.798 .61608E+11 .16525E+03 .16525E+03 .16525E+03
85 188.886 .52136E+1l .16256E+03 .16256E+03 .16256E+03
86 188.606 .43675E+11 .16082E+03 .16082E+03 .16082E+03
87 188.326 .36587E+11 .15933E+03 ,15933E+03 .15933E+03
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A3. Unit 3: Input for Sample Run 1

The beginning of the file containing the transitions needed for Sample Run 1 is
given below. That data corresponding to isotopes other than the one of interest
are ignored.

LL020010 CO2 ALL 02201 0110 08/15/8% 1SUM NU2 HOT BAND
$90.07000

HUs . 1SR10
who. 23810
WO 32940
he o 43940

.622E-25.0610 18985.946 02201 01101
.2078-25.0600 2029.549 02201 oo
.214E-27.0620 1659.591 02201 0110
V.

56 482 636
59 482 636
520482 638
89 4B2 €26
82 4B2 626
510482 638
57 4B2 636
54 482 €36
87 482 626
500482 638
52C482 638
80 482 626
490482 638
$1C482 638
85 482 626
55 482 636
52 482 836
480482 638
50C482 638
78 482 626
450482 638
470482 638
83 4B2 626

182E-26.0510 3787.723 02201 oo
.035€-25.0530 3323.959 02201 [\RRN B}
.960€-27,.0630 1621.271 g2201 0110¢
.336E-25.0610 1938.362 02201 01101
.1218-24.0620 1809.275 02201 0110
.258E-26.0520 3650.186 02201 origs
.8626-27.0630 1583.686 02201 [LAREA]
.257€-27.0620 1658.07S 02201 o i
.875€-25.0540 3196.99% 02201 cri1ot
.B72E-27.0630 1546.836 02201 0110t
.029€-27.0630 1619.813 02201 [{ARIR]
.24BE-26.0530 3515.725 02201 o110t
.386E~25.0620 1850.279 02201 01101
621€-24.0620 1725.716 02201 01101
.023E-27.0640 1510.720 02201 01101
.917€-27.0630 1582.284 02201 01101

TSR N- TV}
W7 11760
W 895910
VI B3840
(17 .64490 2
07 AN700°
w? 42410
007.95170 1
v, 49780
nub 55660 5
60H 84850 4
wuB . 88880 8
09 .12170
60y, 18980 8
U9 .19150 S
vy . 37520 3
10 82870 6
9
7

J.750E-27.05SD J054.186) 02201 011013 78 A4B2 636
GY1. 51830 6.585E-27.0550 2933.382 02201 01101 76 4B2 636
nul 96930 Y.13BE-26.0560 2815.695 02201 01101 74 482 636
»U4,.42310 1.936E-26.0560 2701.102 02201 01101 72 482 636
»94 74740 5.111E-27.0550 2989.619 02201 [sRR R 77 4B2 636
uL 87980 3.242E-26.0570 2589.604 02201 01101y 70 482 636
©95 98850 8.892€-27.0560 2870.575 02201 [ART] 75 482 636
597.23860 ).523E-26.0560 2754.619 02201 01101 73 487 636
597.33930 5.342E-26.0580 2481.203 02201 [<ART ] 68 482 636
598 .49760 2.567E-26.0570 2641.754 02201 01101 7V 482 636
598.80170 B.663E-26.0580 2375.802 02201 01101 66 482 636
599 48690 4.198E-27.0500 4005.00! 02201 01101 92 482 626
599 .76550 4, 258E~26.0570 253).980 g2201 0110} 69 482 636
#N0.26700 1.383€-25.0590 2273.702 02201 [[RRY A 64 482 636
500 .88BB60 B.220E-27.0510 3862.635 02201 01104 90 482 626
b)) 04240 6.952E-26.0580 2425.300 02201 0110 67 482 636
©601,73536 2.171E-25.05%80 2174.605 02201 D110y 62 482 636
$0v. 29400 '.5B85E-26.0520 3723.345 02201 01101 B8 4B2 626
602.32810 1.V17€E-25.0580 2321.715 02201 0101 65 4B2 636
v03.20650 3.354€-25.0600 2078.612 02201 [« RN 60 482 636
©v03.62260 ).766E-25.0590 2221.227 02201 01101 63 482 636
603.70290 3.009€E-26.0520 23587.135 02201 0100 86 482 626
Gha . 68080 5.098E-25.0610 1985.725 02201 01101 58 482 636
604.92600 2.748E-25.0600 2123.838 02201 01101 61 482 636
605.11550 5.623E-26.0530 3454.005 02201 01101 482 626
6U5.26200 6.092€8-27.05'0 23928.332 02201 010 91 482 626

7

4

4

]

&

5

4

&

J43E~25.0550 23073.127 02201 01101
§34E-27.0630 1545.488 02201 or1gt
330E~-27.0640 1475.339 0220} 01101
BG6E-26.0530 33B4.342 02201 0110}

03 . 88310
nin 06040

PR R R EEREERERE R AR AR E A RERARRERERERE AR V9O UVVOVOVOODYD
o
»
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AL Unit I Output From Sample Run |

The principal program output from Sample Run 1 15 given on i

following 15 pages,

PROGAAM NLTE FOR [NFRARED RADIANCE

DATE * H5/09/04. VIME = 09.21.02.
PO 0000000800000 000080000000 0000000000 000000000 DN AR IR I R L
TAPf

Tt 4TP12---SAMPLE RUN 1§ TAPEI---CN2 NU2 1SUM £26 wNT BAND

VA- -LINE DIRECTIVES:

ML ¢ MOLECULE CODE = co2
1SO + tSOYOPE CODE = 626
UNt = UPPER VIS LvL = 022010
LMY = LOWER VIB LVL = 0V10)
A1 = RO-VIB BRANCH = A
NRL : ROT'L LINE # = 999

1D-=--VIEWING PATH PARAMETERS:

TAN] LOWEST TANGENT MEIGHT (kM)

= 70.00
TANF * MIGHMEST TANGENT HEIGHT (XM}
*

.
+ 90.00
EXAMIMATION [THTIERVAL (KM} = 5.00
0: LOOXING GEOMETRY CHOSEN = [ 1]

SPAL
t 0K

tC---PRUGRAM PARAMETERS:

HUAX T ASSUMED TOP OF ATMOSPHERE (xmMm) = 150
ACC = ACCURACY (INTEG D RADIANCE) = .01000
NPTS = NUMBER OF INTEG POINTS PER PANEL = 2
HPP x O: LINESHAPE OPTION SELECTED = VOIGY
VAIIN = LOWER END, LINE SEARCH (CM-1) = o
vMAX = UPPER END, LINE SEARCH (Cm-1) = 20000

10---SYNITHETIC SPECTRUM PARAMETERS:

twhh s WIDTH OF TRIANGULAR SCANNING FN (UM ) = .270
ULl  : SPACING OF PTS IN SYNTH SPECTRM (UM ) = .050

1E---BANlI PARAMETERS: (FOUND IN WOLPAR)

VIBE = VIB ENEAGY OF THE TRANSITION {(CM-1) = 667.7500
VIBL = vIB EHERGY OF THE LUWER STATE ((M-1) = 667.3790
VIDU = QUANTUM FOR THE PARTITION FN (CM-1} = 667 3790
(% ® STATISTICAL WEIGHT, LOWER VIBRATIONAL STATE = 2
A1) * STATISTICAL WEIGHT, UPPER VIBRATIONAL STATE = 2

QUANTITIES RETURNED FROM MOLEC:

wiy Y t MOLECULAR WwWEIGHY r 44
Al z 1SOM0PIC ADUND = OR414A

ULV (EXPLATNED IH MOLEC) = 2
NG (EXPLATNED IN MOLEC) = 1.0
TR LEXPIATHED IN MOLEC) = .25
Boatraal FOR TF SEAR(H OF THE LINETAPE 1S

A2 v P FS 4 FI0 J.24R, 14X AT, 13, 4% 14}

L I I N I N R O R N R R R RN Y
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6910
ivs10
61210
vI1C10°
L0210
00t1d”
L6000
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