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FOREWORD

This report covers the final work completed on the research project
"Radiative Transfer Models for the Earth Radiation Budget and Climatic
Studies." The work was supported by the NASA/Langley Research Center
(Experiment Analysis Branch of the Atmospheric Environmental Sciences
Division) through research grant NSG 1522. The grant was monitored by
John T. Suttles of the Atmospheric Environmental Sciences Division.
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FEASIBILITY OF QUAST RANDOM-BAND MODEL IN EVALUATING
ATMOSPHERIC RADIANCE

By

S.N. Tiwari! and Navin Mirakhur<

SUMMARY

Thne use of the quasi-random band model in evaluating upwelling atmos-
pheric radiation is investigated. The spectral transmittance and total
band absorptance are evaluated for selected molecular bands by using the
line-by-line model, quasi~-random band model, exponential sum fit method,
and empirical correlations, and these are compared with the available
experimental results. The atmospheric transmittance and upwelling radiance
have been calculated by using the line-by-line and quasi-random band models
and are compared with the results of an existing program called LOWTRAN.
The results obtained by the exponential sum fit and empirical relations
are not in good agreement i+ith experimental results and their use cannot
be justified for atmospheric studies. The line-by-line model is found to
be the best model for atmospheric applications, but it is not practical
because of high computational costs. The results of the quasi-random
band model compare well with the line-by-line and experimental results.

The use of the quasi-random band model is recommended for evaluation of

the atmospheric radiation.

lEminent Professor, Department of Mechanical Engineering and Mechanics,
01d Dominion University, Norfolk, Virginia 23508.

2Graduate Resea:ch Assistant, Department of Mechanical Engineering and
Mechanics, 01d Dominion University, Norfolk, Virginia 23508.
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INTRODUCTION

Extencive study of the radiative transfer phenomena in the Earth's
atmospheic system has been carried out in the last two decades (refs. 1
to 4). This is important for the understanding of the meteorological
process on all scales and the spatial variation in surface temperature
in the Earth atmosphere. Techniques for measuring the Earth's surface
temperature include airborne instruments and satellite-mounted radiometers.
In order to understand and interpret the instrument performance and
readings, it is desirable to develop radiation mocels and numerical tech-
niques that account for the absorption and attenuation of actual atmos-
pheric radiation. Development of accurate models for radiative transfer in
the atmosrhere is extremely important fur the Earth radiation budget
studies (refs. 4 to 6). These models have to be used for simulation and
interpretation of Earth radiation budget measurements as well as for
retrieval of various surface and the atmospheric parameters from satellite-
measured radiances (ref. 7). Since ihe radiation budget of the planet
has been identified as an important element of the climate system, its
measurements are being attempted with increasing accuracy (refs. 8, 9).
As a result, considerable improvement is warranted in the accuracy of the

theoretical models dealing with atmospheric radiation transfer.

Many models for radiation absorption by molecular gases are available
in the literature. The simplest one is the gray gas model (or the emis-
sivity approximation) and the most sophisticated and accurate one is the
line-by-line {LBL) model (or the direct integration procedure). Between
the emissivity approximation and direct integration method lie several
narrow and wide band models and band model correlations which vary greatly
in complexity and accuracy. A comprehensive review on various line and
band models is available in reference 4. Use of either un LBL model or a
narrow band model is suggested for most atmospheric applications. The
narrow band models usually recommended for atmospheric studies are the
Elsasser (or regular) model, statistical (Meyer-Goody or Goody) model,
and quasi-random band (QRB) model. The QRB is probably the best band

model to represent accurately the absorption of a vibration-rotation band
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and is suitable for calculating the atmospheric transmittance and upwelling
radiance, The fundamental features of the QRB are discussed, in detail,

in references 10 to 12, and the procedure for calculating the atmospheric
transmittance and upwelling radiance is ygiven in reference 12. In spectral
ranges where both line ahsorption and scattering are important, a widely
used approximation for calculating spectrally integrated radiative flux is
the exponential-sum fitting of transmissions (ESFT) method. The basis for
this method is that the transmission function for a given spectral interval
is fit by a sum of exponentials. The method is described in reference 13.

Radiative transfer models used in earlier climatic investigations
employed radiatiot. charts, generalized absorption coefficients, and emis-
sivity approximations {refs. 5, 14-16). Rodgers (ref. 17) has indicated
that the use of multi-interval narrow-band radiative transfer schemes in
climate modeling studies will constitute a significant step forward and
result in improved accuracy of the model output. Fels and Kaplan (ref. 18)
have investigated the effects of using different radiative transfer schemes
on the thermal structure of the atmosphere uand its consequences to atmospheric
dynamics. They employed two different radiative absorption models, the
emissivity approximation, and Goody's statistical band formulation, and per-
formed numerical experiments with the NCAR general circulation model. They
observed a significant difference in the cooling rates in the two experiments
which resulted in significantly different mean temperature fields and

meridional circulations.

Very high accuracy can be achieved in the radiation computation by
using the LBL integration procedure in the radiative transfer models
(ref. 19). However, the procedure is too cumbersome and makes excessive
demands on computer time. Tiwari and Gupta (ref. 20) have shown that the
QRB model can be used for computing atmospheric transmittances with accuracy
comparable to that of the LBL method and with computer usage more than an
order of magnitude smaller. Kunde (ref. 11) has also used this model to
compute outgoing infrared radiances from plaiotary atmospheres. However,
before use of the QRB model can be recommended for Earth radiation budget
and climate modeling studies, further work needs to be done to validate
the model on a sound basis. This model should be used for absorption bands

of different species in different spectral ranges. It is quite possible
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that the model is not justified at shorter wave lengths and smaller pres-
sure path lengths. Furthermore, under realistic atrwospheric conditions,
the model may yive good results in certain spectral ranges but is poor in
other ranges.

The objective of this study is to validate the quasi-rundom band model
under as many Jdifferent but realistic conditions as possible by comparing
the results of this model with available experimental and theoretical
results. For seversl molecular species, experimental results for spectral
transmittance and total band absorptance are given by Burch et al. (ref. I1)
under Jdifferent pressure and path length conditions. Thus, it is highly desir-
able to compare the results of the QRB mcdel with these experimental results.
For cases where experimental results are not available, it is important to
compare the QRB results with LBL results, For certain spectral ranges and
atmospheric conditions, results of atmospheric transmittances are avuilable
in the literature which have been obtained by using a sophisticated program
called LOWTRAN (ref. 22). It is, therefore, desirable to obtain the QRB
results exactly for these conditions for comparison with the LOWTRAN results.
After these model validations, the aim of this study is to use the QRB model
for evaluating the upwelling atmospheric radiance under different realistic

surface and atmospheric conditions.

The basic formulation of the radiative transfer equations and the expres-
sions for the upwelling radiance and flux are presented in the next section,
"Bzsic Formulation.' Details of the spectral models used in the study are
given under "Evaluation of Transmittance and Integrated Absorption.' The
numerical procedure and data source for colculating the transmittance,
total absorptance, and upwelling radiance are presented next ('Computational
Procedure and Data Souvce''). Finally, results of the entire study are

presented and discussed in "Results and Discussion."
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BASIC FORMULATION

Introduction

The fundamentat quantities for describing the upwelling radiance are
Jdiscussed in this section. Following the formulation of the equation of
radiative transfer, the expression for thermal radiation emerging from a
plane parallel atmosphere is presented.

Radiative Transfer Equation

The amount of radiant energy dBv’ in a specified frequency interval
(v, v + dv), which is transported across an element of area da and in
directions confined to an element of solid angle dw Juring a time dt,

is expressed in terms of intensity Iv as:
dEv = T cos 3 dv da dw dt (1;

where & is the angle which the direction considered makes with the outward
normal to da. With reference to figure 1, let us consider a small cylindrical
element of cross-section da and height dz in the atmopshere. The radiation
emerges into the atmosphere from the surface whose temperature is at TS and
the total thickness of the atmosphere is h. The difference in the radiative
energy within the frequency interval v and v + dv crossing the two faces
normally in a time dt and confined to an element of solid angle dw is given
by

dI

v n
qs ds dv da dw dt )

where ds is the thickness of the atmosphere in the direction of propagation
of radiation. This difference in energy must arise from the excess of emis-

sion over absorption in the frequency interval of the solid angle comsidered.

The amount of energy absorbed is equal to

an o ds) (Iv dv da dw dt) {3)
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Figure 1. A stratified atmosphere.
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Here » is the density of the absorbing medium and Ny i

dependent absorption coefficient.

The amount of energy emitted is given by

iy dads du dt )

where

iv is the emission coefficient.

Equating the gain and loss in the pencil of radiation, we have

dIvfds x =k IV + jv N (5

Equation 13) can be reowritten as

{I /d s = {.J - AR N 0)
al, s { N I\‘h v L
where Jv is the nonequilibrium source tfunction.

Now consider a medium which is in loeal thermodynamic equilibrium. The

absorption and cmission of radiation is given by tbe Kirchoff's law

2 o= o B A
\ v oV A
where Bv is the Planck function and is given by
2 hov?
B =
\ N £oor \]
cofexp (hv/xT) - 1] ()
Und2r such conditions, the transfer cquation (o) becomes
(M

I ds = (B, - [0

The total flux of radiation arriving at a point in the atmosphere {from
above or below point) can be computed by integrating ecquation (9 as shown

in reference 23.
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Total Upwelling Radiance

The radiation emergent from the atmosphere is given by the expression
(refs. 4, 24):

E(w) = EG(w) + EGR(m) + E¢(w) + ER¢(m) (10)

where

EG(m) = thermal radiation emitted by underlying surface and

atmosphere
EGR(w) = reflected atmospheric radiatién from the surface
ER(w) = incident solar radiation reflected by the surface
E¢(w) = the radiation scattered by single or multiple scat-

tering processes in the atmosphere without having
been reflected from the surface

ER¢(w) = the scattered energy which has undergone a reflection
from the surface
The various components of the upwelling radiation are pictorially shown in
figure 2.

In the spectral region of infrared measurements, the effect of scattering
and solar-reflected radiation is usually omitted. Hence, the expression for

thermal radiation emerging ‘rom a plane parallel atmosphere can be written as

E(w) = EG(w) + EGR(w) = g (w) B(w,Ts) T(w,0)

. th[w,T(zn [dt (w,2)/dz] dz + o) F (0, T) ©(w,0)  (11)
[o]

where ¢(w) is the surface emittance, B(w,T) is the Planck function, Ts
is the surface temperature, T(z) 1is the temperature at altitude 2z, o (w)
is the diffuse surface reflectance, F iw,1) is the downward atmospheric
radiation, and t(»,0) and <t(w,z) are the transmittances from the top of
the atmosphere to the surface and the altitude 2z, vrespectively. The first
term on the right-hand side of equation (11) represents the radiation from
the surface; the second term is the radiation from the atmosphere, and the

third term represents the reflected component of the downward radiation.

10
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Equation (11 can be obtained by integrating equation (9) in a manner
deseribed in reference 23. The contribution of the reflected atmospheric
radiation from the surface is usually neglected for surfaces with relatively
high values of surface emittance and for the spectral regions where the
downward atmospheric emission is small.

The contribution of the sunlight reflected from the surface is important

at shorter wave lengths and is given by the component (w) as

Er
. 1 ~ ‘ .
Eate) = 2 [1 - sla)] cos @ Ugia) [z (1

where @ is the Sun's zenith angle, [l - r(w)] is the ground reflectance of
the surface, Hs(w) is the Sun irradiance on the top of the atmosphere,
x = 1 + £(8) where £(28) = sec o for 0 ~ 2 <00% and Ch o for 3 » o0°

with Ch ¢ Jdenoting Chapman's function, and t(a) = t{w,0) is the trans-

mission vertically through the atmosphere.

For radiation budget and coolinyg rate calculations, however, the required
quantity is the flux density. Upward flux density can be obtained precisely
by integrating the upwelling radiance over the zenith angle » and the

azimuth &, such that

1
=
E
~
| 9

Fooh) = & 7 Blw,h) sin @ cos & de 13
N N

Integration of equation (13) by using detailed angular distribution of radiance
is a tedious problem. However, it is simplified considerably for a plane-
parallel atmosphere and assuming that the source function in equation (11)
is isotropic. It is possible with the above assumption to adapt the two-
stream approximation whereby the equations of transfer are reduced to only
two.

For the purpose of analysis (i.e., radiation modeling) and measurement
of outgoing flux, it has been suggested to divide the entire long-wave spectral
range into the following subregions (ref. 25):

@y 0.7 to dou

iby 4 to 3 u




(¢} 8 to 12 u
(dY 9 to 10 u
(e} 12 to 18 u
(£) 18 to 50 u

Specific reasons for suggesting this spectral subdivision are given in
reference 25. Different molecular bands and atmospheric effects are
encountered in different spectral regions. Solar radiation absorption by
HaC and CO- occurs in the 0.7- to 4-u region. Absorption by the o.3-u
H.0 band is important in the 4- to 8-u region. The effects of .0 con-
tinvum bands, Na0O, chlorofluoromethanes and aerosols are important in the
3- to 12-u region. The contribution of 9.6 u O3 is important in the 9-
to 10-u region, The combined effect of CO» and H.O (but mostly C0,) is
important in the 12- to 18-u region, and the effects of the H.0 pure

rotation bands are important in the 18- to 58-u region.

The greatest problem in computing heat fluxes is the integration of
equation (11) or (13) over the frequency range of interest. The absorption
coefficient (and, hence, the transmittance) is a highly variable function
of the frequency, and for accurate work it should be evaluated at small
frequency intervals. Furthermore, within a band which usuzlly consists of
thousands of rotational lines, the absorption coefficient at any frequency
is made up of contributions from many lines. In principie, therefore,
it is possible to calculate the absorption coefficient with very high
accuracy by summing the contributions of all intervening lines. TIn practice,
however, it is a very tedious and time-consuming process. For a wide
frequency range with several bands, each with 2 large number of lines,
large amounts of computer resources are required. As such, use of simplified
but accurate models for spectral absorption is highly desirable. Considerable
efforts have been spent in the past in devising simplified models to overcome
the problem of numerical integration ovei the complicated line structure of
the atmospheric spectrum. A complete review on different absorption models
is available in reference 4. The absorption models used in the present

study 2ve discussed in the next section.




EVALUATION OF TRANSMITTANCE AND INTEGRATED ABSORPTANCE

Introduction

Accurate calculation of the atmospheric transmittance is impertant for
the correct evaluation of the atmospheric radiative heat flux., In cases
where high spectral resolutions are desired, the actual Jdistribution of
line positions and intensities become important, and the contributions
from the wings of Jistant lines need to be included. 1In such cases, a
line-by-line model should be employed (refs. 4, 19, 20), If the integrated
signols are measured over relatively wide spectral intervals, an appropriate
band model could be employed. A brief description of the spectral models

used in this study is presented in this section.

In order to describe the infrared absorption characteristics of a
radiating molecule, it is necessary to consider the variation of the spectral
absorption coefficient for a single line. In general, for a single line

centered at the wave number ”j’ this is expressed as

Wl

Nop =5y ey (1)

where Si is the intensity of the jth spectral line and is given by

S =f“’ o diw - Jju (15)

The guantity fj(m - Ai) is the line shape factor for the jth spectral
line. It is a function of the wave number and the half-width v and is

-

normalized on w - Aj such that

ma.\"'.) -‘.)= lb)
f Lju u)J dw AJ 1 {

-3

Several approximate line profiles have been described in the literaturc.

The most commonly used profiles are rectangular, triangular Lorentz, Doppler,

or Voigt (combined Lorentz and Doppler) profiles. The study of line shapes

and line broadening is an active research field. For various reviews on the

14




subject, one should refer to references 26 to 31. Lorent:, Doppler, and
Voigt profiles are of special interest in the atmospheric studies, and
these are discussed in some detail in reterence 4. The line profile
usually employed fur studies of infrared radiative transfer in the Earth's
atmosphere is the Lorent:z pressure-broadened line shape; the shape factor
for whkich is such that the absorption coefficient is .xpressed as

> S “:-v ‘ - '\: .: 3 d
an = bj vt 4 + Y ] (1™

-

where +. represents the Lorentz line half-width. From simple kinetic
theory it may be shown that \j varies with pressure and temperature
according to the relation

: m n
" 3
vy T on LP.PO LTOIT) LI$)
where Njo is the line half-width corresponding to a reference temperature,
To and a pressure Po' The values of m and n Jdepend, in general, on
the collision parameters and on the nature of the molecules. The values

of m=1and n = 0.5 are employed for most atmospheric studies.

The radiative transmittance at any wave number w is given by the

relation

. 1

T = exp(-f‘ X ou) (1N
W
0

where o is the absorption coefficient at w per cm-atm and u represents
the pressure path length of the absorber in cm-atm. An appropriate spectral
model for the absorption coefficient is employed to calculate the transmit-
tance from equation (19), The total absorption of a single line in an

infinite spectral interval is given by

0
A, = - r 9 o~ w. 20
Aj X@ (1 < Y diw mJ) 20

.

For a homogenous path, this can be expressed as

%3]
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A, =7 (1 - exp(- Ky Wt = ) (211

L3

LIV

It should be noted that the integration in equations (20) and (21: extends
only to the spectrz.i range of a single line,
The spectral absorptance of a narrow band (consisting of a sufficiently

large number of spectral lines) may. be expressed by

2

u -
A 1l - < 1 ~ exptl -1( K Jud

w

For a homogenous path, the total absorptance of a narrow band is given by

4 - - N
A :_/;u, A dw= fi 1 - expl- x u)]du (23)
where limits of integration are considered over the narrow band pass. The
total band absorptance of a wide band may, in turn, be expressed by
N

A =:/; [1 - expl- x, W] dlw = w))

where the limits of integration are considered over the entire band pass and

R is the wave number at the center of the wide band. A brief description

of the LBL and QRB models and a few relations for the total band absorptance

are presented in the following subsections.
Line-by-Line (LBL) Model

For a homogeneous path, the monochromatic transmittance as given by

equation {19) becomes
T(w) = exp[- () u]

The value of the absorption coefficient at the wave number due to direct

and wing contributions is given by

o) = &‘D(uﬂ + »:w(uﬂ 26)

e e 4 e s sl




where kD{:’ and kwtd‘ represent the direct and wing contribvtions resnec-
tively, The lines whose centers fall close to the wave number under
consideration are treated as directly contributing lines. The Jdirect con-
tribution from lines of Lorent ., shape is given by equation (17). The wing
contributions to w~iwl are from lines located far from the wave number under
consideration. The absorption coeffic*ent in the wing region is calculated
from the relation

wwtwi = E: {Si vo [T - “i}:]} g

3 > ) J

In the present study, the Lorentz LBL model is used in calisalating the trans-
mittance values in certain cases for comparison with the QRB model results.

Quasi-Random Band (QRB) Model

The QkB model, introduced by Wyatt et al. (ref. 10}, iz one of the best
models available for evaluating the transmittance and absorption of a
vibration-rotation band. The use of this model in transmittance calculation
results in a considerable reduction in computational time. The procedure
for calculating transmittance by the QRB model is Jdiscussed here. A listing
of the computer program is given in Appendix A, and various symbols used in

the program are explained in Appendix B.

In this method, the entire frequency range A is divided inte a number
of small subintervals § of equal spectral width. The lines in each of
these smaller intervals are assumed to be arranged in a random manner. The
average transmittance over the entire spectral range is obtained by averaging
the transmittances of all subintervals. By considering the intensity of
the strongest line, five intensity groups are created. Thus, lines whose
intensities are within 10°% times the intensity of the strongest line are

taken into consideration. The expression for the t ansmission can be

written as

.

T(w,z) = eXP[-fx > k': (w,X) 2, (x d.\] (28)
0 1
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m . o s . .
where (i(u,x) is the mass absorption coefficient for the ith absorbing gas,

24 is the mass density, and x is the depth of the level measurcd from the
top of the atmosphere, Equation (28) can be changed into an alternate
form as .
T(w,z) = exp[-g'u Z: xi(w)dui (29)
i
where
cl@) = k(W) CWER! (30)
du = Pg (og/prﬁdx (31)

ard Pg is the partial pressureg, Py is the mass density of the absorber,
and o is the absorber density corresponding to reference condition (STP).

The average transmittance due to a single spectral line over the sub-

interval § may be expressed as

N | , 2n
Tiw) = 3 f exp[- Sj uf (u),wj)]dmj (32)
$
The average transmittance, Tg, due to all the lines in that decade is given

as

: L[ = N -
Td(w) = '5— F exp[_ Sj u f (N,Nj)]dwj (JJ)

where N is the number of lines within the decade and §5 is the average
intensity of all the lines within the decade. The average transmittance due
to all lines in the five intensity decades ¢f subinterval 3 is expressed
by
5 1 = N -
TK(m) = 7 f expl- Sj u f (m,mj)]dwj} (34)

d=1 L% Ysc

where k represents the kth subinternal of total span A. Further information

on this model can be obtained from reference 12,
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Exponential Sum Fit Method

Numerous approximate methods have been Jeveloped for calculating
spectrally intcgrated radiative flux. These methods completely avoid the
cumbersome procedure of taking care of exact line strengths and line shapes,
One such method i, the exponential sum fitting of transmissions (ESFT).
This method which has evolved recently is based on the fitting of the
transmission function averaged over a spectral interval JAw by a sum of
exponentials (ref. 13). The ESFT has been used for evaluating the total
band absorptance of water vapor bands.

The empirical relations for total band absorptance of 0.94, 1,38, 1.87,
2.7, 3.2, and 6,3 u water vapor bands have been obtained by Howard et al.
(ref. 32). These relations were ob%tained by curve fitting the experimental
results., The experimental results were represented by two separate relations
as

Azwadw=cu‘/"(P+p),A<Ac (351

A-—f.-\'dm=C+Dlogu+Klog(P+p),A>Ac (36)

In the above relations, u is the absorber concentration in gm + cm ~, P

is the total pressure in mm Hg, and p is the partial pressure of H-0 in

mm Hg. The quantities ¢, k, €, K and D arc the empirically determined
constants, and Ac is the absorption above which the strong band relation
[eq. (36)] becomes applicable. It has been found by Liou and Sasamori

{ref. 33) that the above relations are not continuous when A = AC. They
have modified these relations, and the absorptivity from the laboratory
measurements has been fitted into a single relation ar

+_ A 1 .. ‘ Sh
A== [C+Dlogyg (x+x)] (1

where x = qu/D, X, = 107

The values of the constants ¢, k, C, D, K, Ac and x are given

by Liou and Sasamori tref. 33%. The total absorption of each band is fitted

by a series of exponential functions
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A= dufl - %& W, exp(- kX (38)
m=]

where W and kn are the exponential fit parameters, incependent of
atmospheric conditions, and M is the number of divisirns in a
particular band. The exponential fit parameters kn and W have been
obtained by Stephens (ref. 34) by fitting the total band absorption of each
band into the relation of equation (38). The constant W, and kn are
tabulated in reference 34 for the water vapor bands,

Empirical Relations for Carbon Dioxide Band Abscrptance

The empirical relations for total band absorption of the carbon dioxide
bands have been obtained by fitting experimental results in the equation by
Howard et al. (ref. 35):

f A, du = cul/a (P + p)k (39)

where u is the CO; ebsorber concentration, P is the total pressure, p
is the partial pressure of CO,, and c is a constant. It has been shown
by many investigators that the total absorption of the CO, band varies as
ul/2, It has been shown that total absorption is proportional to (P + p)k
where k varies from 1/2 to 1/4. The above expression is valid only for
weak bands. The empirical expression for the total absorption of the strong
band'is given by the following equation

fAmdu;=C+Dlogu+Klog(P+p) (40)

where €, D, and K are constants. For small values of total band
abscrptance, most of the bands follow the "weak band" relation [eq. (39)],
and for large values of total band absorptance the 'strong band" relation
[eq. (40)] is followed. Most of the bands have "transition values" of
total absorption above which equation (40) applies and below which equation
(39) applies.

In the present study, the empirical results have been c~mpared with the
experimental as well as QRB model results only for the 2.7-u COp band. The

various constants used in the above relations are given in reference 35.



Computer Code LOWTRAN

The computer code LOWTRAN has been develop~d to calculate atmospheric
transmittance over a broad spectral interval, the 0,25- to 28.5-. region
(ref, 15). This method has been based on an empirical graphical prediction
scheme. The transmittance is calculated by LBL calculations and averaged
over a spectral incerval of 20 em b, This transmission data, over a wide
spectral range and for a wide range of atmospheric paths, has been calculated
and presented in different charts in reference 36. The at.ospheric transmit-
tance for various spectral intervals and atmospheric paths can be predicted
from these charts. The LOWTRAN is a computer code where all the spectral
curves, transmittance functions, etc. have been digitalized. This program
is 7 versatile and transmittance can be computed for six different types

of atmosphere.
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COMPUTATIONAL PROCEDURE AND DATA SOURCE

The numerical procedure for evaluating the spectral atmospheric transmit-
tance and the upwelling radiance and the data source used for the calculations
are d2scribed briefly in this section. The first step involved in accurate
calculation of the transmittance is the evaluation of the spectral absorption
coefficient. Use of equation (17) is made in evaluating the absorption co-

efficient values.,

Tn calculating the atmospheric transmittance, the atmosphere is divided
into a number of layers of equal thickness (in the present case, 1 km). For
the present study, the top of the atmosphere was considered to be 10 km, which
is approximately the top of the troposphere. The pressurz path length is

given by the expression

where Qij is the volume mixing ratio of the ith constituent in the jth layer,
dzj is the thickness of the jth layer, and Pj and Tj are the pressure
and temperature at the center of the jth layer, respectively. The transmit-

tance at location 2z in the atmosphere is given by

u
= - <~
t(w,z) = exp[- [ IDMITLOL (42)
[¢) J i
Following the procedure for evaluating the atmospheric transmittance, up-
welling radiance is calculated by dividing the nonhomogenous atmosphere into
a number of homogenous sublayers. If the gas molecules absorb in a specified

spectral region Aw, then the upwelling radiance is given by

E =f E_ du (43)
Aw
Equation (11) is used for calculating the upwelling radiance E in the pre-

sent study.

The line parumeters needed for this study (position, strength, line,
width, etc.) were obtained from McClatchey et al. (ref. 36, 37). The

"McClatchey Tape" is available at the NASA/Langley Research Center. The

S8
(3]
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atmospheric temperature and pressurce protfiles were taken trom the U.S.
standard Atmosphere 1962 (ref. 38), The concentriation distributions in
the atmosphere tor H.0, ¢0:, N0 and 0, were taken from McClatchey et al.
tref, 30),  The CQr and N:0 ave assumed to be unitformly mixed in the
atmosphere, Rotational and vibrational partition tfunctions, required to
account :ur the temperature dependence of the line strengths, were taken
from MeClatchey et al, (ref., 371,
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RESULTS AND DISCUSSTON

Ditroduction

Spectral transmittance and total band absorptance of selected molecular
bands (1.87-u HaQ, 2,7-u €O, 2.73-u H20, 4.5-u N0, and ",66-p CHy) are
eviluated by using the QRB model. For a few cases, LBL proesdure is also
used in calculating the transmittance. The results are compared with
available experimental results. Similar comparisons tor some other molecular
bands are available in reference 20, The total band absorptance calculated
by using the LSET method and emrirical correlations are compared with the

experimental as well as QRB model results for the 1,0 and <0, bands.

Atmospheric transmittances are evaluated tor selected spectral ranges
of the longwave region by using the QRB model, and these are compared with
the LOWTRAN results. Finally, the results for upwelling radiance, caleulated
by using the QRB model, are presented to emphasize the use of the QRB model

for actual atmospheric applications.

Transmittance and Total Rand Absorptance

The spectral transmittance and total band absorptance results are
presented in this scction for different molecular bands. These results
have been obtaired by assuming & homogenous medium with coenstant pressure
path lengths. This is because experimental results weve available only for
homogenous conditions. The wesults obtained under actual atmospheric
conditions ars presented in the next section. It should also be pointed
out here that LBL and QRB model results have been obtained for exactly
the same conditions (physical and spectral) for which experimental results
were available. As such, transmittance results for certain bamds may not

be spectrally syvmmetric,

~.o0-u Cll, band. - The spectral variation of the transmittance, as

caleculated by the QRB and/or LBL models, is illustrated in figures 3 and
for two Jdifferent pressures but for the same pressurc path length. The
eaperimental results for exactly the same conditions are also shown in
these figures for comparison. The overall agreement hetween these results

is seen to be quite good. The transmittance values shown in figure 4 for
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a lower pressure are higher than the values shown in figure 3. This is
especially true in the center portion of the band. This is because, for
a fixed path length, absorption usually increases with the pressure until
the large pressure limit is achieved. At this point, the central portion
of the band becomes opaque and radiation absorption occurs only in the
band wings. At lower pressures, however, absorption of radiation occurs
in the entire band pass.

The total (or integrated) band absorptance results are illustrated in

figure 5 as a function of pressure path length for three different pressures.

For lower pressures (P = 50 and 200 mm Hg), the agreement between the QRB
and experimental results is seen to be very good for all path lengths. For
the moderate pressure of P = 300 mm Hg, however, the results are seen to

be significantly different in the range of intermediate path lengths. It
is possible that in this range the QRB model accounts for the absorption

in the band wings more so than the experimental measurement. If results
were available for sufficiently high pressures, only small differences
between the two resul*s would be noticed. This is because at sufficiently
large pressure the central portion of the band becomes saturated. Although
it is not convenient to show the limiting (linear and logarithmic) results
in figure 5, it is noted that all the results tend to approach the linear
limit toward the small path length and the logarithmic limit toward the
large path length. Some comparative resuli: for band absorptance are given
in table 1. These results also exhibit the general trend seen in figure 5.
It is noted from the results of the table at P = 3050 mm Hg that for this
band the limit of large pressure will be reached at sufficiently high

pressure.

4.5-u N-O band. - The variation of spectral transmittance with wave

number is shown in figures 6 and 7 for two different pressures but the
same pressure path length. The transmittance results have been calculated
by the QRB as well as LBL model, and are compared with the experimental
results. The agreement between the results is seen to be good over the

entire band pass.

The band absorptance (i.e., the total band absorptance) results are
illustrated in figures 8(a) and 8(b) for different pressures. Except for

the results at P = 10 mm Hg, a general agreement between the QRB and
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Table 1. Comparison of total band absorptance for the 7.66~u CHy band.

Y g e e T = =

P u AE AQ (AE - AQ)/AE
(mm Hg) (cm-atm) (ecm™ 1) (em™ 1) (%)
3054 2.52 102.0 119,2 -16.7
301 2.52 61.7 70.4 -14.1
55.5 2.52 35.0 37.8 -8.0
34.5 47.30 115.0 99.2 13.7

A =fA do (Exp); AQ=fA dw (QRB).
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experimental results is noted for all pressures at all path lengths. It is
further noted that the results for P = To0 mm Hg and P = 3000 mm Hg are

almost identical for the entire pressure path lengths, This indicates that
for this band the limit of large pressure is reached for any pressure higher
than P « 760 mm Hg., For this band, the band absorptance results are also
given in table 2 fur certain pressure and path length conditions. In most
cases, the QRB and experimental resnlts are found to be in very good agreement.

2,73-u H 9 band. - The spectral transmittance results of the QRB model

are compared with the experimental results in figure 9 for P = 862 mm Hg and
u = 0,101 pr cm. The agreement between the results is seen to be excellent

over the entire band pass.

The total band absorptance results calculated by using the QRB model
and ESFT relation, equation (38), are compared with the experimental results
in figure 10 for P = 20, 250, and 760 mm Hg. The QRB and ESFT results are
seen to be in good agreement with the experimental results at higher pres-
sures (P > 250 mm Hg). For P = 760 mm Hg, the QRB and ESFT results are
found to be almost the same as the experimental results. A similar trend is
also seen from the band absorptance results presented in table 3. As such,
for this band, use of either the QRB model or the ESFT relation would be
justified at higher pressures (above 250 mm Hg). For P = 20 mm Hg, however,
a consicerable difference between the experimental and ESFT results is noted
for all path lengths, but virtually no difference is seen between the QRB
and experimental results. The use of the ESFT relation, therefore, is not
recommended for this band at lower pressures. The QRB model, on the other

hand, could be employed at all pressure and path length conditions.

1.87-u H-0 band. - The spectral transmittance results, as calculated by

the ORB model, are compared with experimental results in figures 11 and 12
for 2 different pressures but for the same pressure path lengths of u = 0.101
pr cm. The agreement between the results is seen to be very good for the
entire spectral range of the band. It is noted that, in the central portion
of the band, the transmittance values are lower for the higher pressure

(fig. 11), but they are relatively higher for the lower pressure (fig. 12).
This, however, would be expected because at higher pressures the absorption

is higher.
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Table 2. Comparison of twvtal band absorptance for the 4.3-. NaO band,
p u Ap Ap A - AQ}/AE
(mm Hg) (cm-atm) (em™ ) (em™ 1) (%)
750 5.8 113.4 119 -4.9
419 0.677 85.2 85.8 1.0
241 0..89 69.3 66 3.9
197 5.8 108.5 110.5 -1.8
69.4 0.112 28.2 av.” 1.7
64.5 5.8 100 100 0
56.2 0.091 24.7 235.2 6
35.3 0.057 20.2 15.4 23
26.7 5.8 91.6 87.8 4.
21.8 0.0352 10.9 10.05 7.
13.9 5.8 79.9 T 3.

Ag =./3 dw (Exp); AQ =_]K dw (QRB)

[92]
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Table 3. Comparison of total band absorptance for the 2.73-p H,0 band.
p u Ag A(_2 A§ (Ag ) /A (A A /A
(mm Hg) (pr_cm) (zm 13 (cm 1y (cm 13 (%) (%)
£562 0.10] 534 542 540 -2.3 -1.1
392 0.101 492 487 188 1.0 0.8
348 0.06524 417 406 411 2.6 1.4
208 0.101 449 430 417 4.2 0.4
170 0.0508 Z54 335 362 5.3 -2.2
87.5 0.0495 292 270 317 7.5 -8.6

/e

g = [ A du (Exp); f = [ 2 du ((RE); Ag = fA du (ESFT).
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The baitd absorptance results, as calculated by the QRB model and ESFT
relation, are compared with the experimental results in figure 13 for
P = 40, 250, and 760 mm Hg. The agreement between the experimental and
ESFT results is seen to be poor for all pressures and path lengths. This
conclusion may also be derived from the band absorptance results presented
in table 4. As such, use of the ESFT relation is not recommended for this
band at atmospheric conditions. The use of the QRB model, however, could
be made (with reasonable accuracy) for this band also.

2.7-u CO» band. - The transmittance results of the QRB model are compared

with the experimental results in figures 14 and 15 for two different pressures
and path lengthns. In general, the agreement between the results is good.
It is obvious from the results of these figures that for higher pressures the

transmittance values are lower because of higher absorption.

The band absorption results of the QRB model are compared with the
experimental results in figure 16 for two different pressures (P = 100 and
760 mm Hg). The results are seen to be in excellent agreement for all path
lengths. The band absorptance results have been calculated by the empirical
correlations available for this band, and the results are tabulated in
table 5 along with other results. From a comparison of the results presented
in this table, it should be obvious that use of these correlations cannot

be recommended for most atmospheric applications.

Atmospheric Transmittanc:

The atmospheric transmittance is evaluated by the QRB model as well as
by the LOWTRAN Program. The results have been obtained for four different
spectral ranges, and these are illustrated in figures 17 to 21. For this
comparative study the top of the atmosphere was considered to be at 10 km,

and all the results were obtained for the standard atmospheric conditions.

The results for the spectral range from 3300 to 3700 cm™! are shown
in figure 17. The contributions of all the important molecular bands in
this spectral range (2.73-u Hy0, 2.7-u COp, 2.87-u N0, and 2.97-p N0) were
considered in calculation of the transmittance. The QRB results are seen

to be in general agreement with the LOWTRAN results.
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Table 4.

Comparison of total band absorptance of the 1.87-u H,0 band.

P u Mg A A Qyrhg)/Ay  (Ag-AQ/A,

(mm Hg) (pr cm) (ecm™ 1) (cm 1) (cm 13 (%) (%)

862 0.101 299 309 322 -3.3 -7.7
765 0.0483 204 224 245 -9.8 -20

392 0.101 234 249 278 -6.4 -17.5
208 0.101 186 203 239 -9.1 -28

170 0.0509 120 139 168 -i5.8 ~-40

129 0.101 153 171 212 -11.8 -38.
113 0.109 151 168 212 -11.3 -40.

88.8 0.0496 90.5 107 2 -48

Ay = A du (Exp); A = A du (QRB); A = [ A du (ESFT).

134 -18.
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Figure 1d.
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Figure 16. Comparison of total band absorptance of 2.7-u CO, band.
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Comparison of total band absorptance for

Table 5.
p u

(mm Hg) (cm-stmi
2065 24.4
15065 0.672
933 3.02
844 0.316
821 1.38
439 1.34

44.8 0.316

Ay ) Ap (Ag-A /A,
() (em)  (em 1) o)
179 189 195 -5.5
39.9 39.8 61 0.25
83.9 81.0 102 3.4
20.4 20.6 32 -0.9
50.9 52.9 72 -3.9
42.6 43.2 49.9 1.4
8.4 8.8 9.08 4.7

< s ot e o T —————T

Ay =fA du (Exp); A, =f;\

du (QB): A, = f A du (Correlation)

the 2.7-u CO; band.

(AH-AR)A/ﬁ
(%)

-8.9
-52
-21
-56
-41.5
~-17

-8
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Figure 17. Comparison of atmospheric transmittance in the spectral range
from 3300 to 3700 cm !.
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The transmittance results for the spectral range from 2300 to 2800 cm™-
are shown in figures 18 and 19. The transmittance results as calculated
by the QRB and LBL models and the LOWTRAN program by considering only
the 3,17-u water vapor band are shown in figure 18. The results are seen
to be in good agreement. The results presented in figure 19 are also
for the same spectral range as for figure 18, but in this case contri-
butions of other bands (3.57-u O3, 3.85-u CHy, and 4.5-u N20) have been
included in calculating the atmospheric transmittance. From a comparison
of results presented in these figures it may be cencluded that the QRB
results are in good agreement with the-LBL and LOWTRAN results and that
the transmittance (in this spectral range) is mainly due to the 3.17-u
H,0 band.

The results for the spectral range from 1800 to 2000 cm * are shown
in figure 20. The contributions of all the important bands in this
spectral range (6.27-u Hz0, 5.2-u COs, and 4.5-u N0) were considered in
caleculation of the transmittance. The QRB results are seen to be in good
agreement with the LOWTRAN results.

The results presented in figure 21 are for the spectral range from
500 to 800 cm !. The contributions of all the important molecular bands
(20-u Hp0, 15-p COp, 14.3-p O3, and 17-u Ny0) were considered in calculation
of the transmittance. The QRB results are seen to be in general agreement
with the LOWTRAN results.

Upwelling Atmospheric Radiance

For the standard atmospheric conditions, the results for upwelling
radiance have been obtained for two different spectral ranges (2500-2800
em ! and 3300-3700 cm !) by employing the QRB model. The top of the atmos-
phere was again taken to be at 10 km. The contribution of the reflected
component of solar radiation was included in calculation of the upwelling
radiance, but the contribution of atmospheric radiation reflected from

the surface was neglected.

In figure 22, the results are pi:.-ented for the spectral range from
2500 to 2800 cm !. The molecular species whose contributions are included
in this range are H,0 (3.17 u), 03 (3.57 u) CHy (3.85 u) and N0 (4.5 =).

19
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(spectral range from 2500 to 2800 cm 1l).
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The figure shows the variation of upwelling radiance with the surface

temperature for different values of the surface emittance. For a fixed

surface emittance, the upwelling radiance is seen to increase with
increasing surface temperature.

emissions are relatively higher at higher surface temperatures.
surface temperature, the upwelling radiance is seen to increase with
decreasing surface emittance.

the reflected component of the solar radiation is larger, and this makes
the total upwelling radiance relatively higher.

The results of upwelling radiance as a function of surface emittance
are illustrated in figure 23 for different surface temperatures. These
results were obtained for the spectral range from 3300 to 3700 cm ! with

contributions of 2.7-p CO,, 2.73-u Hy0, 2.87-u N0, and 2.97-u NoO bands

included. The results show the same general trend as seen in figure 22

oo ®

For a fixed surface temperature, it is possible for the upwelling radiance

to increase with increasing surface emittance if the reflected component
of solar radiation is not included.

This is because the surface and atmospheric

For a fixed

Thais is because, for lower surface emittance,
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CONCLUSTIONS

Spectral and atmospheric transmittances have been calculated by dif-
ferent procedures to validate the quasi-random band model. The spectral
transmittance and total band absorptance were evaluated for selected
molecular bands (7.66-p CHy, 4.5-u N2O, 2.73-u H,0, 1.87-u H20, and 2.7-u
C0>) by using the LBL and QRB models and compared with the experimental
results. The total band absorptance was evaluated also by using the
ESFT and empirical correlations for H.O and CO. bands, respectively,
Atmospheric transmittances were calculated by the LBL and QRB models and
compared with the results of the LOWTRAN program. Upwelling atmospheric
radiances were calculated in two different spectral ranges to demonstrate

the application of the QRB model.

For homogeneous conditions, comparison of transmittance and total
band absorptance results obtained by different spectral models indicate
that, for all bands, the QRB results are in good agreement with the LBL
model and experimental results for most pressures and path lengths. The
LBL model provides the best procedure for evaluating the transmittance,
but is not practical because of high computational costs. The ESFT
method has been found applicable only in a few cases. The results obtained
by using the empirical correlations are not in good agreement with other
results. Hence, use of the ESFT relation and other empirical correlations

cannot be justified for atmospheric studies.

Comparison of atmospheric transmittance, as calculated by the QRB model
and LOWTRAN program, indicates that the QRB results are in good agreement
with the LOWTRAN results for all spectral ranges considered. In the
spectral range from 2,500 to 2,800 cm-l, results obtained by considering
the contribution of only the 3.17-u H-0 band indicate that the QRB results
compare well with LBL and LOWTRAN results. From these comparisons, it
may be concluded that the QRB model is computationally fast and accurate
and, therefore, quite suitable for most atmospheric applications. The
procedure for calculating the upwelling atmospheric radiance has been
developed by using the QRB model. For the scandard atmospheric conditions,
the results for upwelling radiance have been obtained to demonstrate the

use of the QRB model. The procedure can be used for extensive parametric

T
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studies (surface as well as atmospheric) of atmospheric radiance. The program
can be adapted easily for the Earth radiation budget and climate modeling
studies.
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APPENDIX A

QUASI-RANDOM COMPUTER PROGRAM TO CALCULATE ATMOSPHERIC
TRANSMITTANCE AND UPWELLING RADIANCE

Computer Program QSRBAND

FRIGRAM EZREANDCINFUT,, QUTRUT, TAFE7, TAFLE. TAFEY. TAFZ1U)

INTEGER %,1G.W

OIMENZIOM WNCD) > HS (D), GROT)I S HL (S0) , FOE Cas S00 11) 5 REDNC L&, 50
OIMENZION FRICZOO00) 2 5AL1(2000) ALY (2000) , €l L C20ua ),
JFRZCETOY,SAZCI70) . AlLZ(I70) , EL2CI70) . FRI(Lal0) ,

JEAECLAGD) AL LAD0) » ELACL1AQ0) - FRY (220) 5 3584 GR20) , L4 0320) » 24
DIMENZION TRH(S0,11),TRO(S0, 11, TRN(SO, 113, TRHO(SEO) , TRCO(S0) -
JTRMIDCSO)  VFECLO, 4) 5 TRIZCSD, 110, TROZ (50) , RABIMIZIZCA)  TEPRI (&)
DIMENSION 2MO10,4), TRA{SG, 11), TRM{11), TRT(Z0Q)

COMMON X1(24), T12A)» X202 > T2C21) L, FREOSO)  FRIZCS00) , TRIBGES0, 110 -
JPREZ(LO), TEMCCLO) , BE(10), DEL,, PNTF, TNTF, TEMR, ER, LiZ, LI, VR (L)
READ 12, FRL, FRU, DEL, FNTF, TNTF . TEMR, R 1, RF2, RF3. RF4
FRINT1Z,FRL,FRIU, DEL . FNTF, TNTF, TEMR, RF1, RF2, RFZ, RF4

READ 11,LZ, MG, LEL,LEZ,LES, . A0O,LE4
FRINTLIL, LS NG,LEL, LEZ, LEZ, JO, LiZ4
FEALDN 11,NI51, MG2, NIG=, M54
FRIMNT11,NGL, NGZ, NG2, NG4S

READ lé&, (FRECLY ,L=1,L10)

FRINT1A, (PREC(LYL=1,L12)

READ 12, (TEMZ(L),L=L.L13)

FRINTLZ, (TEMZ(L) . L=1,0L01)

REAT 10, ((ENCL,13), L=1,1.0) . G=1,MNGE)
FRINTLO, ((BN(L.G),L=1,L2),5=1,N3)
REAL 10, ((VFPF(L,153),L=1,L12),15=1,NC)
FRINTLO, ((VFF (L, 15) L=t L), 5=1, NG)
READ 155 (X1 (W), W=1,24&)
FRINT1S, (X1 (W) W=1,24)

REAL 15, (T1(W) W=1,24)
FRINTIS- (T1 (W) W=1,26)

REAID 15, (X2(W),W=1,21)
FRINTLS, (X2{(W) ,W=1,21)

READ 15, (T2(W),W=1,217
FRINTLIZ (T2(W) »W=1,2!)

REAL 12,EMI, ZENM

FRIMTLIZ,EMI, ZEN

READN 12, (WNIN) »N=1,3)

tEAAt
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YA

[ i et e

100

101

103

104

105

1oz
107

10

10

104
111

FRIMTLZ (WNIN).N=1,5)

READl 14- (HS(N),N=1,5)

FRINT1A, (HS(N)»N=1,3)

REALD 12, (TEMES(KE) kk=1,4)
FRINTL1Z, (TEMS (KE)  KE=1,4)

READ(T7,20) (FR1(X)E3A1(X) »ALLI(X)HELL (X)), X=1,LEL)
READN(E, 20) (FRZ(X)ZAZ(X)»ALI(X) L ELZ2(X) s X=1,LED)
REALC?, 20) (FRECX) EAICK) s ALICK) ELIIX ), (=1 1LE 0

READCLIO, 20) (FR4(X),ZAL(X),ALAIX) ,ELA(X ) x=1,LES)

FIRMAT(SFLO.4)

FORMAT(141I5)

FITRMAT(LOF2, 2

FORMAT(10F2,4)

FORMAT(ZEL10.4)
FIORMAT(Z(F10. 2, E10. 2. FS. 2. F10.23,5X))
RE=(FRLI-FRL) /LEL+0. 1

ER=RE

DELA=0., S%DEL

FREB(1)=FRL

o 100 k=1,kKR

FRE(E+L)=FRE(E)+0EL

FRZ(E) =FRR(ED}) +LELA

LE=L1C+1

o o101 L=1,LE

oD 101 kE=1,KR

TRA(E,L)=1.

IF(NGL-1) 102, 102, 102

IZONT INLIEE

oo 104 L=1,L0

VEF(L)=VURF (L, 1)

IS (LY=GNC(L, 1)

CALL AZHOK (FRL1,ZA1,ELL,LLEL,ALL.RF1)
o 105 L=1,LE

O 105 E=1,ER

TRHE, L)Y =TRG (K, L) :
TRA(E, L)=TRA(K,L)*TRG (K, L)
IF(MNGI=2)Y 104, 107, 104

CIINTINLE

2t L=1,012

VR (LY =VRF (L, 2D

S CL) =aN(L, 2)

CALL ASHIEA(FRZ, ZAZELZ,LEZ, AlLZ,RFZ)
o 10w L=1.LE

o 109 k=1,kR

TRIZ(ES L) =TRIG (K, L)

TRAC(E, L)=TRA(E, LY =*TRG (K, L)
IF(NGZ=2)1105111,110

CONTINUE
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e hes

b
0

e
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S

i st

tid

144

143

401

400

404
405
40L°

JO&

[ 112 L=1,L12

VR (L) =VFF (L,

S L) =N, 2

CALL AZHIE(FRZ, ZAZ, ELZ LED, AL, RFD)
112 L=1,LR

113 E=1,kR

TRN(E, L) =TRIG (K, L)
TRA(E,L)=TRAK L) *TRIZ(k, L)
IF(MR4~-4)114,115,114

CEONTINLE

114 L=t,Li

VE(L)Y=VYRF (L. 4)

FS(LY=N(L, 4)

AL AZHIE(FR4,:2A4,ELE, LE4, AL4-RFY)
[y 117 L=1,LE

o 117 kE=1,ER

TRO(E, L)=TRG (kL)
TRAE,L)Y=TRA(E L) #*TRG (K, L)

CIONT INLIE

1144 L=1,LE

TRM{L) =0,

xi44 p=1,kER
TRMILY=TRM(L) +TRA(E .. L) /R

[ 143 E=1,ER

TRHO(E)Y=TRH (k. 1)

TRZD(E)=TRC (E, 1)

TRMCE)=TRN (K, 1)

TROZ(ED)=TRO(K, 1)

TRT(E)=TRA(K, 1)

oo 401 N=1,4
GRONDY=(HZ(N+F1) =HIZ(N) Y/ CWNIN+L) =WN{N) )
v 402 k=1,kKR

N=0

N=N+1

IF(FRO(E) =WN(N) Y802, 404, 404
IF{FRCEY=WNIN+1) ) 405, 40073, 4002

HL(E) =OEL#¥ (HS (ND) +GRIN) # (FRIZ(E ) -WN(N) )
CIONTINUE

CONS=13, #4, 2881 . E-Q7

CNET=6. 62540, 3/71 .33

OO 40k Ek=1,4

0 404 kK=1,ER

RMUM=DEL #CIONS#FRC (K) %32
EEX=CNST#FRIZORD

Fob (EE S By 1) =RNUM/ (EXF(EEX/TEMS{EE) Y=1,)
o 40& L=1,L12

PO CRES B, L+1 ) =RNUM/ (EXF(EEX/TEMZ(L) )-1.)
COMTINUE

ZEN=(ZEN/Z7 . 29573)
CAM=1,+1. /00005 (ZEN)
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L 407 Prh=l, A

HADNCE (RED) =0,

o 407 FE=1,ER

ROOM= (L, =EMI) ® (O2E(ZEN) ) #HL (B ) # L TRT(E) ) s#134M

RADPML (R R 2 Y =EMISFTER (P E St s 1) #TRTwvr ) 41 L E~G 7 #R00000M

oo 407 L=I,LE

COMF=PCE(FELE, L) #(TRA(E,, L) =TRA(E , L=1) ) %1 . E-07

ST CRE, ED) =RADMC (EE, k) +I20MP
407 FRIONCE(REE)=RADINCE (FE) +RADNC (EE . b))

FRINT 22

i 201 F=1,kR
0L PRINMT 22, FRE(E ALY TRECUCE) » TRICDCE » TRMNOCE D) » TRIZZ(E ) s TRT(F)

il =0 kEs=1,&
ST PRINT &% TEMS(EE) , RADNCE (ER)
o FORMAT(/, 24, #FRED. HIQTRANZ, COOTRAME, NIITRANS,

/ TIATAL TRANMZ. %, /)

Zn FORMAT(ZX.F10.5,4X.5F10.5)
25 FORMAT(/, 9K, Fa, 2, 5%, E12,5)

=TOP

END

et

TeT

ZETRAMNE,
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Subroutine ASHOKN for Program QSKBAND

SRR T E2AsEL LEsy sl RE
"3'"""5. Lol .
DIMEMEIEN FROIOO0) TAL ZOGG » EL o 2000, 2 2000 o E 14

cBID(E, T LR (‘(U1.....‘—:-.‘.'.'")a?"l:"\'"3 =i

7 e -

JBRLLZGOO) s AVET Sa) ,Sipes (e, B

CAEMPIM (L2, 1';ﬁ),n,i_.;,T:(:1>.;psafO:.?*C
/-F\E5 (1 )5 v TEN“::( 10, i:‘l:‘( 1‘:‘) L] FL.1 FMTE, TVTFv TE:"FU YR »..:.1 SR
L=

oLl k=L, kR

A=)

t24 IS XL OE,LENMDTIIDE

Az{+])

IF{FRIR, LLT.FRE (R ) LTI 2
IFIFR(L) Lo FREW =LY VML 2™

M=M+1

ST oL
$I7 O IS(ELGE ER)GOTZLIE
A"¢<_1

LI MR (R =M
oL CONMTINGE
E-l.: 1 1 }=1$}'F\'
oo 151 I=1,5
1S4 SUMEICI,E)Y =0, ’

LE=LC+1
PI=2. 1315925248
DELA=0, S+DEL
LILB=0
BSli=t,
it 150 MM=41, L2
L=+ -MM
CET=CERRT (TEMR/TEMIIL)Y ) 2PRECL) /FNTH
PART=UR (L) # ((TEMR/TEMC (L) )#4RF) 42, &WE+ 1Y
FAIT-.. SRR (TEMZ(L) =TEMR) /(TEMZ (L) #TEMK)
TIOMET=0, LXTNTR/FMTR
FL—lPNET*FREL(L)*MU(L)/TEND(L)
p\L;\-—
| an ”nl X=1,LE
EL(X,-LHT*QL(X)
ALa=alA+z0
Sl 2T =TAL A)AHQpl* (S (A Y4FRLT)
AlLAa=alA/LE
LA =FLAFT4SILR)
Sesl=resllr L A*AlA
L =LZ+0Ls
ALD =RIL/LLER
BRI =al3/IELS

=0

i3 20l m=Ll,ER

ISemE (Y E0, 00Tl
LISk i=3~-1
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-

N (:3:5'

20w

LIE(E)=LIR(F¥)Y +MP (k=1
X=LIE(E)

CENTINUE

oo 207 kE=1,ER

IF(MPCED)Y JERLO) G T 219
JE=LIRE)

HDE=LIEC(R)

BIGI(E) =21 (LIR)

Jdo=0R41

D oo =0, JE

IF(RUGICEDY JIGELET D)) T T Zons
BIGI(E)Y=2TI(.))

CIONTIMUE

Dy 20% I=i,4A

[{==T1+1
BIG(I,kEI)=BIGTI(K)*10,%3%1IX
maoz10 I=1,5

N=0

BEI(ILE)=0

[y 211 Jd=dB,.JE

IF(SI G JGT.BIG(ILEY )Y G2 TO 211
IF(EICD (LE.RBIG(I+1.ED)) 30 T 211
N=nN+1
SEICAILE)=ESI (I B+ (0D
MZI(I.F)=N

CONT INUE

IF(NSTI(I.F)Y.GE.LY G0 TO 210
MZI(I.k)=1
AVIT(I,E)=SST (I, H)/NSI(ILE)
GTO 207

o 220 I=t,%

MEZI(I.k)=1

AVEI(I,k)=0

CIINTINUE

e 2310 kE=1,ER

o210 I=1,5
SEUMSICILE)=SUMII(I, E)FAVII (I ED ®IMA
oo 212 kE=1,kER

TRG(E,L)=1,

D21z =1, ER

TRI=1.

SA=TABRE GA-RD

IF (JA.GT.JdDY 2 T 2132
ZI=FRO(ED-FRIZOD
EFZI=ZI/DELA

oo 215 I=1,.5

NZI=NZSTI (I, 0D

AI=201M2 T (I, )

REZ=0,

TFE (JJNELGE)Y G0 T 214

o 217 W=1,26
Z=RMHOSRHDOSXI /(X1 (W) # X1 (W) +RHOxRHO)
IF (Z.0T.A75.) G0 TO 200
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=00

217

21b

21s
R BR~1
oy -t
I
e el
150

Y=EXF(~-2)

S T o217

Y=0

RES=REZ+Y*T1 (W)

SOTo 215

o 218 W=1,21
Z1I=RHI#RHO#X I/ ((EFSI=-X2 (W) ) #(EFSI=-X2{k)))
IF (Z1.G6T. 4750 ) Q0 T 200
Y=EXF(=-Z1)

[T I W ]

Y=0,

¢ REZ=REZ+Y#T2 (W)

REZ=RE/4&.

TRO=TRO* (RES®#NSL)
TRG (B, L) =TRIZ (K, L) *TRID
CONTINUE

CONT INUE

O 220 K=1,kKR

TRG (K, LR)=1.

RETIRN

END
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ALL, AL2
AL3, AL4

DEL

ELL, FL2
EL3, EL4

EM1
FRB
FRC
FRL
FRU

FR1, FR2
FR3, FRY

GAM

GR

HL

HS

JD

KR
LC

LEl, LEZ
LE3, LE4

NG

|

|

APPENDIX B
EXPLANATION OF SYMBOLS USED IN COMPUTER PROGRAY

Symbols Used in Program QSRBAND

average line width for the different molecules li~0, CH,, N:O,
and 03, respectively.

width of an interval, cm”!

engygie‘ of the lower states for the lines of the uwlecules,
cm ¢

surface emittance

N . -1
wave number at the interval boundaries, cm *
wave number at the interval centers, em” !

lower frequency limit of the range

upper frequency limit of the range
wave numbers of the lines of the molecules, cm !

1 + £(8) where £(8) = sec 8 for @ < 60 and f(8®) = Ch{(®) for
& > 60; Ch(8) is the Chapman function

gradients used in calculations of HL

computed solar_irragiance at the top of the atmosphere in an
interval, W cm < sr !

tabulated values_?f the solar irradiance at the top of the
atmosphere, W cm 2 sy}

number of adjacent intervals on both sides of an interval
from which the contribution is taken into account

number of intervals in the band

number of layers into which atmosphere is divided (10)
total number of lines in the spectrum

total number of gases

60
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NGL, NG
NG3, NG

PCK

TRNO

TROZ

e ——————— I

identifyiny integers for the gases

Planck's function
rressure at NTP, bar
pressure at the different layers, bar

altitude distribution of the molecules H»0, CHy, N-0, and
02, respectively

radiance in each interval
integrated radiance
radiance component Jue to reflected solar radiation

exponent to account for the temperature dependence of the
rotational partition function for the molecules

intensity of the individual lines

temperature at the center of the layers, K
reference temperature for the line parameters, K
surface temperature, K

temperature at NTP, K

combined transmittance of all the interferring gases

transmittance due to CHy only between the top of the atmosphere
and surface

transmittance due to H.O only between the top of the atmosphere
and surface

transmittance due to N-O only between the top of the atmosphere
and surface

transmittance due to 03 only between the top of the atmosphere
and surface

combined transmittances of all the interfering gases for ecach
interval between the top of the atmosphere and surface

convolution parameters for integration of direct contribution

convolution parameters for the integration of wing contribution

L e e
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VPF

WN

ALA

ALB

AVSI

BIG
BIGI

FACT

JB

LIB

LIE

MP

NSI

SSI

SUMSI

vibrational partition functions for Hp0, CH,, N.O, and 03
wave numbers at which the solar irvadiance at the top of the
atmosphere is considered

Symbols Used in Subroutine ASHOK
altitude-dependent average width of the lines of a molecule
altitude-dependent individual width of the lines of a molecule

average value of intensity for the lines in one decade in an
interval

intensity values separating the five decades in each interval
intensity of the strongest line in an interval

factor used in the computation of altitude dependence of
integrated intensity

number of adjacent intervals from which the wing contribution
is considered

serial number of the first line in an interval
serial number of the last line in an interval
number of lines in an interval

number of 'ines in a decade within an interval

sum of the intensities of all the lines within one decade of
an interval

optical thickness between the top of the atmosphere and the
altitude under consideration
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