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on radiation originating at altitudes between 70 and 500 km. An
earlier model for the transport of infrared radiation in molecular -
bands with Doppler line shape, accurate only for linear molacules, '
has been extended to bands of polyatomic molecules. A chemistry
program which ircludes the eifects of vertical transport by eddy
mixing and molecular diffusion has been develored to make possible £
an estimate of diurnal variation in the abundances of infrared em1t~
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=3 SECTION I

_ INTROD UCTION

2 The research reported here has had as its major objective the

" development of a computer program to simulate the natural infrared

radiance background of the earth's upper atmosphere. The nominal

spectral region under study lies between five and twenty-five micrometers

and emphasis is placed on radiation originating at altitudes between 70 and

500 kilometers. The generzl probriem area is of interest for systems

, design, military surveillance and the advancement of knowledge about

; physical processes in the upper atmosphere. The immediate application

" of this work will be to aid in developing optimum infrared background

.:‘ measurements programs and in interpreting the results of such measure-

.* ments. 2
This work is an extension of the study of Corbin, et al. (1969) who § 2
’ investigated the natural infrared background of the earth in the 5 to 25 micrometer s ?
spectral region, with the goal of estimating earth limb viewing radiances for : :%
tangent heights from the surface to 500 km altitude. For convenience, their g 3
{ study divided the atmosphere into two regions with a division at 70 km. Below ; é
- - 70 km the atmosphere was assumed to be in thermal equilibrium. Above 70 km ;g §
A explicit calculations were made of processes which excite and de-excite § i.'g;
‘ molecular vibrational and rotational levels which are the source of infrared g %
radiation. Their study concentrated on radiation from water vapor, carbon %
; dioxide, ozone, niiric oxide and nitrous oxide, which are the principal radiating }( :
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species in the spectral region considered. In addition, ritric acid was
included in the lower atmosphere work and estimates were made of radiation

to be expected from particulate matter suspended in the atmosphexre.

Corbin, et al. (1969) presented models for the lower atmosphere for
a wide range of seasonal and latitudinal conditions. This was not possible
for the abundances of most minor neutral species. More datz has since become
available, particularly for nitric oxide and the hydroxyl radical, but at present
it appears that the best means of estimating abundances of important infrared
emitting species is chemical rate equation integrations including molecular
diffusion and eddy mixing. Even calculations involving transport properties
cannot always be accepted because the values of eddy mixing coefficients are
to a large extent only informed guesses and published calculations often use
autdated rate coefficients. For these reasons, cne of the tasks of the current
contract has been to develop a computer program with which to determine
diurnal variations in abundances of minor species. 19 investigate the effects
of changes in assumed eddy mixing coefficients, and to quickly incorporate

rew determinations of chemical rate coefficients.

A second area of study invelved in improving the radiance model
includes the physical processes wnat control the population of infrared emitting
states of atmospheric molecules. Except for the pure rotational radiacion from

moiecules such as water, the degree of excitation of vibrational level:

determines the radiation from infrared emitting molecules. The most important

mechanisms are collisional excitation and de-excitation and absorption and

re-emission of electromagnetic radiation.

In the troposphere and lower stratosphere, collisional processes are
rapid enough to control the population of vibrational levels. Above 30 to 50 km,
however, collisional excitation becomes less efficient and radiative processes
become important. The combined effects of collisional and radiative processes
must therefore be considered. Below an altitude of about 90 km molecular

nitrogen and oxygen are the mest important collision partners. Above that
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altitude, atomic oxygen becomes important, both in exciting nitric oxide

and in determining molecular oxygen vibrational temperatures. Corbin,

et al. (1969) included collisional excitation by molecular nitrogen and oxygen

in their model and the work reported here adds tha efiects of atomic oxygen

as a collision partner.

In determining the effects of radiation on the populations of vitrational
levels of infrared active molecules, it is necessary to separate the radiation

of a single change in vibrational quantum rumbers from the rest of the

radiation field. Corbin et al. (1969) did this by assuming a Doppler line shape

RN O G A mmmmmmmammmmmm»:mmw’ >

for the individual rotational lines of a band and were able to obtain adequate

numevical approximations for radiative transfer functions appropriate to single

bands of linear molecules. This approach has been extended to water vapor

g and ozone bands lying in the spectral region of interest.
k- The fcllowing sections of this report summarize the research performed
1 s - - . . .
b & during this contract. The computational algorithm used in the chemistry >rogram,
¥ Sy N
& 5 [ 2 : - 2 . '
e 2 relevant chemical reaction rate coefficients and currently known chemical ;
ke ¥ ; !
- kB abundances in the upper atmosphere are discussed in Section II. Relevant: =
. . . . . ' RS
collisional and radiative excitation mechanisms are reviewed in Section IIi, .
¢ =
= & where the computational model for predicting high altitude infrared radiance ‘ ?
ez ¢
E £ is developed. The chemistry and infrared radiance programs are described {§
o and listed in Section IV. Sample results for White Sands, New Mexico are !
E: R ) . .. ) H
> § presented in Section V, wherzs limitations of the model and suggestions for \
2 b
£ . i
i £ future work are discussed. i
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SECTION IT

CHEMISTRY

There L !. en relatively Jew measurements of the vanatmn with

altitude of infra. &+ emitting species at altitudes above 30 km, the 11m1t of

direct sampling by balloons. While ozune measurements by difierent

workers «x ee reasonably well with each other and with theoretical

= computations at .ltitudes up to 100 km, and: nitr'ic oxide profiles are

i reasonably well known between apéut 89 and 150 km, corresponding data

: are lacking for other species which are important. Therczis in some case's
, indirect data available which when combined with computational models can

4 yield limits to concentrations: Thus, Anderson (197 la)‘ has been able to put

an upper limit cn total hydroxvl radical abund'aﬁce above 60 km frorn measure-

ot 'ﬁ é‘:‘t“

SN e o
ZINEA s R T i

ot paviclamin sy o "
B A WAS I 2L s Dy b i s

4

ment of resonance fluorescer.e and wu:h this result computes possxble water

vapor profiles between 50 and 100 km using a photochernical model that

includes vertical transport by eddy diffusion. In a later paper, Anderson .

24

(1971b) gives a measured altitude profile for hydroxyl with error limits !

4

+ 120 per cent.

.
o S O
R

At present, then, estimates of chemic;ﬂ abundances of minor species
required to predict infrared radiation require ‘the use of photochemical -
computations. Most computations of atmospheric chemxstry before the past
four or five years have neglected vertical transport by molecular diffusion
and eddy mixing. For molec;zles which have photochemu:al luetlmes greater
than 10 to 105 seconds, this neglect may yleld results greatly in error, as

a comparison of the calculations of Hunt (1966), Hesctvedt {1968) ard Shn’nazakx
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and Laird (1970) quickly shows. Even calculations including transport

1
H

1

i

H

{

{

i

' procesées darnot be accepted at face value because the values of eddy mixing

coefficients used at present are for the most part only informed estimates,

Y.

\ * and published calculations often use outdated rate coefficients. Because of

the above reasons and the future need to estimate abundances for conditions

LGS AN

for which no published' experimental data or calculations may be available,

x development of a computational model for atmospheric photochemistry

SR (R eV A N el

1 .
including' vertical transport was considered desircble. The present status

dlitsnt

of thiz model is described below.

. . . .

f I Following Shimazaki and Laird (1970) and Bowman, et al. (1970),

= J B

f:: the continuity equation for an atmospheric chemical constituent or species

may be written ' :
; LA ) ) 2R (2-1)

.
i . 1

where n is the concentratjon of the constituent, Q and L are photochemical
production and loss rates and & is the vertical flux due to transport processes.
When only vertical transport by molecular diffusion and eddy or turbulent

mixing is considered, the vertical flux is

=
i
=
=
é
=
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§

‘P(z) = a(z)u{z) + n{z)v(z) (2-2)

where u and v are vertical v'elociti_es of the species produced by molecular

diffusion and eddy fnixing, respectively. If D is an "average' molecular

diffusion coefficient, H is the scale height of the species in the absence of
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mixing and T is the temperature,

M

u(z) = -D +%+%-’5§ (2-3)

’

v
N

If K is the eddy mixing coefficient and Hav is the average scale height

for all species present,

- . £gn ., _u n 3T -
v(z) = K(bz+H v (2-4)
av
Then
Bnfz) _ 2 dn = n 3T b, _K
ot -Q(z)~L(z)+az {(D+K) >z T 3z + H +Hav n (2-5)

As was done by Bowman, et al. (1970), it is assumed that only atomic
oxygen and molecular nitrogen and oxygen are important as collsion partners.
The effective diffusion coefficients for atomic oxygen and molecular nitrogen

and oxygen are taken to be

0.75 3 n.(z)
= I(z) N A -
Dfa) = N (= & ow (2-6)

where No i3 number density at standard temperature and pressure (STP),

To is 273.15 K, and the Dij are mutual diffusion coefficients at STP. The
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values adopted for Do N DO-O and DO-N are those used by ‘

2 "2 2 2 '
Colegrove, et al. (1966), 0.181, 0.260 and 0.260, respectively. That for :

.»zmmmmsfem;mmam»mmz;m;:@mmwmwmmngm%

D » 0.189, is taken from Chapman and Cowling (1960), while D .
0279, NN, |

> and DO- o are estimated to be 0. 180 and 0.370. The effective diffusion
\ coefficients for other species are taken to be

3
& Di = 0.707 Do 1+ - (2-7) £
3 2 i
- where m, rerresents molecular weight. g

3

3
B In converting Equation (2-5} into a difference scheme for numerical é
integration, it is assumed that all quantities imay be represenied by a quadratic g
; function of altitude at any given altitude. Then i{ the supersacript (+) denotes a ‘/ﬁ
: value at the next higher integration poini and the superscript (-) denotes a value §
i at the next lower point, the difference equation is :g
3 2
i 53
+ -+ - + - 1 k!
£ dn _ D -5 {n-u 1T-T .1 z
ot - 9-L+T5E 26zt ('r 2z H) " g
f . T 3
B A ol NN I S o U B E
= 24z | 24z T 28z " H 2
% av =
' - 2
k- toonen (1 otV 0 [rteeT et E
4 + (D + K) .E..;.:n_?L - Tr.. ZA.z n+ ? =t T o :3;
L (A2)” (Az) g
+ - - %
{j AT - _1__ n -n{ =nH-H &
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The computational problem then is simply to integrate Equation (2-8)
at a set 9f altitudes with spacing Az, takiug successive time steps h = At
over the desired time of interest. The method used taxes advantage of the
observation that except where a species is important as a third body in an
association reaction which removes it, the chemical rate equations for a

coupled system may be cast in the form
x! = {x) - A.{x)x., - o (x)x2 (2-9)
i = g4i®) - A% - oG,

with formal solutions (2ssuming q, o¢ and /3 constant and omitting

obvious subscripts)

[(s+6 )exp(-&t) + (&-11x,(0) + 2q[1 - exp(- §1)]
(Za(xi(O) + /8 M1 - exp(- §t)] + [1 + exp(- $1)]&

xi(t) =

q>0,/6 >0, X >0 (2-10a)

where

§= {4ctq +,g?‘)

]
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xi(t) = x{(O)exp(- /St) + q[1 « exp(- /Qt)]//o

T A AP PR g s L N R G N Lt PR R

q>0,/9> 0, =0 (2-100)

o

&,
O,

[1+ exp(- St)]xi(O)J + 2q[1 - exp(- § 8]
Zocxi(O)[l - exp(- §t)] + [1 + exp(-6t)]16

xi(t) =

q>0, A= 0,X>0 (2-10<¢)

where
<

]I
§= (4xq)’’

xi(t) =xi(0) + qt q>0, /6= 0, X=0 (2-104d)

/3%,(0) exp(- st)
50 e (01 - expl- pu] + g 97 0 A0, %20 (2-10e)

=
Fsd
=
5_:?.5
:,'3:";
5
%
=
ES
g?
\0‘1
4
g
g;’ﬁ
L
2
:
E

xi(t) = xi(O)exp(-/t), q=0,/4>0, <=0 (2-109
x(0 = x(0)f[1+ actx (0] q=0, A=0, x>0 (2-10g)
xi(t) = xi(O), q=0, /0= 0, =0 {(2-10h)
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Care must be exercised ‘in the défini.t:ionl of the of and /g'terms. For

example, the reaction . .

. k - o
Oz :

+ e —= Q0+ O

[ .1

1 * .
contributes to both the o« and the 4 terms in the differential equation for
+ s e L . ‘
Oz concentration if other positive ions are present; : :

' H .
1

&« =k

Y

k([e] - (071 . L ’

H ) 1 1 '
The solutions, Equation (2-10), -are-éxact only if ©ABY and o do not
i
change during an integration interval. Since q, /9 » and ¢ are functions of the
time dependent concentrations of the other species in the system, the actual

integration scheme must allow for this variation. °
1

If the time step t<<2/|2ax +4 -8l and §t << 2, the denominator
of Equation (2-10a) may be exparided as 1 - (2Xx +‘/§-¢S )t/25 " and

i
1

H

.

! " !

x() = x(0) + (g - A (0) - K O)+OU) (-1

For a small enough time step, the algoriihm is equivalent to Euler's method.
With the same restrictions on the time step, the algorithm may be embedded in

.
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a Rlunge-Kutta formule of anyﬁ order and will give equivalent results.

t ' The program uses an analog of the 'improved tangent second-order o

b e o an My mmaen

o~ | Runge-Kutta method in the basic step h. Let x(o) be the vaiue o.f a dependent
; variable at the begmnmg of the step. Then c( (o), /9 (o) and g(o) are computed

]

! and 2 new value of x computed for t= ';-h from the general expression,

Equation (2-10a), or from an equivalent .expression, if any o(, /3 or q is

equal tu zero. X (h/2), Iy(hIZ) and q(h/2) are computed and Equation (2-10)
% evaluated with these values and t= h . :

.
H

L DR R NS B R e N s et il

Yoo
3,
4

| Following Ceschino and Kuntzmann (’1966), assume that the stepsize is _

chosen so that a linearized theory of errors may be applied.” That is, for a

1 raethod of order n, the error for one step of length h is Ahn 1. Di v1de .

an interval Ht into an even number k- of steps of length h. Then
= } . . : .
&

RS

A

(t) = x (t) + kAh — +. om™? (2-12)

) .

3 ] 4 ’
" where xgo)(t) is .the 'exact' result of the¢ integration and addition or

subtraction of the errcr by propagation is néglected. ' The resu't using a step

. of length 2h is !

A
T R Oy P e

- a1l
S

i

1
1 1

: : ! ;
o =Py = + K 12 Azn)™ !+ om™?) (2-13)
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Th‘e d.ifference between the ‘two results is C 5 :
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(t) - x, '(t) « kAh™  (27-1) (2-14)
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and the principal part of the error using the step h is

c x?h)(t) - x?‘)(t)
h= (2-15)

2% -1

The simplest way to use this result is to divide an iuterval into two f
equal steps h and integrate twice, once with two steps of length h and then ‘

_ with one step of lergth 2h. The principal part of the error may be used both

to correct the result xgzm(t) and to estimate thz optimum length of the next
interval of integration. The Runge-Kutta integration program of Gear (1971) !

is easy to adapt for both uses of the error estimate, and was used in early tests.

g ) It is more efficient to use Romberg extrapolation, which subdivides

o '{'

by g ey
AN B

an interval H in more than two ways, and uses higher order error terms.
Either polynomial Romberg extrapolation [Davis and Rabinowitz, (1967)] or
rational Romberg extrapolation [Bulirsch and Stoer (1966)] may be used.

‘ Denote the result of integrating from the t=0 to t=H with a constant
__ step size h by X(h;. Assume that X(h) has an asymptotic expansion
2 ¥ ¥ d
2 1 2 3
xt) = § + In 0+ L%l (2-16) :
= with ’50 ’ 31, 32, ... constant, so that in the limit h -0, X(0) = %o. g
I »
3 ‘;:g
g
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#
the axact solution. An approximation to X(0) may be obtained by extrarslation %
from the results of integration with finite values of k. 4 %
Let the global interval of integration K bs successively divided into : %
2,3, 4, 6,8 12, ... intervels with h=<H, 2H, 1H, 1H, ... E
2770 37 47 6 3
=
Let Xf:))(H) be the value obtained with h = %H, X;I)(H) be that %
obtained from h= -;-H, etc. Then a table of extrapolated values §
xm E
; %é
xH ) %) &) g
o 1 g
(2) (1) {o) 2
x0 (H) X, (K) X, (H) %
(2-17) 2
(3) (2) (1) () 3
X (H) X, (H) X, (H) X, (H) %
:
.(m) ‘m-1) Am-2) (m-3) (o) %
ko (H) X4 (31) z, (¥ Xy H ... X (H) :
is computied using §
AWy - xP ) E
X(o)(H) - l1 "o [} §

1 A(o) -1 i

1 ’
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If the method used in integrating over a step h is of order n, the

exponents in Equation (2-16) have the values

& ‘,ﬂ'& &' ‘m‘}‘l‘wi 08 }um ‘m&.y-;

ti =n-1+1i (2-19)

' &ﬁit‘f 7

Equation (2-16) may be written cut for as many values of h as desired and

these equations solved simultaneously. The coefficients AS) of Equation (2-18)
are obtained from the multipliers used in solving such a system of algebraic
equations. Table II-1 gives the coefficients AS) for k=1, 2, ..., 9 for

first, second, third and fourth order integration methods. Only the second

order coefficients are used here.
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Subdivision of the basic interval is continued until the value of
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E Table II-1 ;
S !
= | |
g 3 ?
Coefficients Ag) for Polynomial Extrapolation i
4 :
‘ ?
3 using Subintervals H/2, H/3, H/4, H/6, H/S, .... ‘
First Order Second Order Third Order Fourth Oxrder

k jeven jodd jeven jodd j even j odd ieven jodd

, 3 & 9 1 2= e 8 256
2 3 4 9 8 27 16 81

20 14 152 74 208 70

2 Z 2 7 5 37 19 35 13
13 18 69 352 172 1215 '
3 13 11 69 19 173 ;

40 28 2320 1132 1760 596
"7 5 283 145 149 55

O T T
ateati i b
w
()

w oo

5 6 16 198 582 3008 9666 69248
3 23 99 47 291 541 4833

i
ot
o~
ot
)
o
~J
w
o

u:‘.\".\: L i bl
% t

80 56 3424 1672 23360 7928
209 107 991 365

o
o
[+ ]
~]
|

. 5
3

7 12 32 292 1088 7716 40064 89476 645376
3 17 3 313 1929 2521 22369

8 16 16 160 112 43072 21040 10880 3696
1 5 1315 673 231 85

g .. 64 3672 13696 3592 18688 11112 80384
e 3 107 459 73 449 157 1389
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is less than a preassigned value €. In practice, adequate results are

obtained if for k> 6 the tect is on vatues of
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The chief advantage of this integration method is that large time

intervals may be used ard the algorithm contains an error estimate.

As applied in the program, the L term in Equation (2-8) is divided

nb s sesa i

o twa cails KR AuR An. To lue Q e¢orm is added the terms containing
L 4

J7aH

,
.
5

Rt A L Ll Lt AT (LA

tnyi #
1Y

ey
c b

+ - s1: .
n and n . ‘The multipliers cf the terms in n are added to the /g‘ term

from the photochemistry and Equation (2-10) is used with interval zubdivision

Uy
."fﬁ,\ i ‘I‘.

and polynomial Romberg extrapolation as described above.

Table II-2 lists the main neutral reactions which may play a role
2’ HZO’ o3’
NZO and CH4. Table II-3 lists the photodissociation processes considerad.

in the chemistry of the infrared emitting molecules NO, CO

),
2

Table II-4 lists the ionic reactions needed for nitric oxide chemistry. Where

R

"‘

ot R ()

possible, an estimated error is given for the value of the rate coefficient.

o

Critical reviews are the principal source of rates listed here and in most

m

0

cases newer rates from the literature fall within estimated error limits.

‘,‘lf‘l{

0
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i
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Not all the reactions listed in Table II-Z have been included in the

program, as some occur in branching chains which have not been verified in
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the laboratory. The choice of reactions has been ‘gtlided by thoseiused ixla
published calculations apd reviews. . The most uncertain rates are those
involving the carbon compounds. These .have been studied pri;lcipallyl'at ' )
elevated temperatures and extrapolatlon to the low temperatures of the upper

stratosphere and mesosphere is not rehable. . :

The results of Nicolet (1970) and Bowman, et\a"lt*(-l‘l?l) weére used

o

A Bt RN TR g R L QR a1

: 1
as a guide to the selection of reactions to include in the chemistry of oxygen

and hydrogen compounds. - Rates for Reactions R1, "{Z and R3 were taken -

from Johnston (1968) in preference to other sources because they:are thermo-

SRS N AT AR A

dynamically consistent for the 0-92~03 system. The rates for‘ nitric oxide _ :
reactions follow closely those used by Stroebel (1971a,!'1971b). The chaice of ,
E reactions for methane decomposxuon is based on the part1a1 kinetic systems |
of Herron (1969) and Hoare and Patél (1969). Reactions leadmg to formatxon
; of CH, have been omitted. ! ) ' _ I
‘ Of the chemical species considered here, nitric oxide abundances are
best known above an altitude 6f 70 km. Observatlons of solar ultravmlet
'; induced fluorescence in the gamfna bands have been made by'Barth (1964, )

1966a, 1966b), Pearce (l969.a): and Meira (1971). Abundances measured in

[
T

this way are much higher than predicted, by earlier photochemical theories
such as those of Nicolet (19653; 1965b). Norton and Barth (1970) and Stroebel
et al. (1970) showed that N( D) produced in dlssomahve recombmatxon of NO

(Reaction I14b) and in charge exchange of N w1th atomxc oxygen {Reaction I7b‘

i i i

could form sufficient mtrlc oxide in reactmg with molecular oxygen to explam

measured abundances. The amount of N( D) formed ‘in the relevant reactions

has not been determined in the laboratbry 'and remains an adjustable paral.meter i

in all computations The nitric cxide concentration above 80 km may be
considered reasonably well known, probably to within a facto? of two. " Belew )

that altitude, the chemistry is uncertaip and th!e effects of reactions such as

1
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R54, R55 and R60 have not been studied thoroughly. Stroebel (1972) shows
that values lower than those obtamed by Meira ( 197 1) are posnble and suggests
uaing limits obtained from electron 'densities in the D region. Figure 1I-1

shows nitric oxide concentrahons used here as a basis for predicting infrared

. radiance at high altxtudes, and is based on Stroebel's calculatmns.

Water vapor abundances are much less well known. There-is general

: agreement that water vapor is present in.the upper stratosphere in amounts

L

of between 2 and 10 parts per rmlhon, Anderson (l971a§ but the exact amount
is, unknown. Anderson (197 la, 197 lb) has determmed OH abundances from
obsenfatlon of ﬂuorescent acattering of solar ultraviolet radiation. The,
concentrattons are about's x 106 molecules/ cm3 between 45 and 70 km, with

! error limits of about 120 per cent. Anderson's first paper includes a steady

3
)

state photochemical model with diffusion and he uses this to infer a water vapor

AT S el A e \kmm‘:r;mmxx-,a;ffmammxm;mx«;m;mmmmw AN

_, ; ‘abundance of about one to two parts per million at 85 km. The calculations :
‘ ! ' V’lth the chemistry model described above assumed an mttxal concentrab.on of

3 . ] three parts per million and were not run long enough to reach diurral equilibrium.

£ - In addition, the eddy diffusion coefficients above 50 km, taken fronx Keneshea

5: and Zim.merm;an (1970), are larger than the upper limit ded_;aced ny A_ndei‘son

]

{1971aj. It was decided to use them, however, because M. B. McElroy

Al

, (private communication, 197Z) has informed ns that theére has been aa

MY
{2

unpublished x:neasurelment of Reaction R12 which gives a value - .

2x19, -10 cm I sec which may fead to lower CH concentratmns for a gwen

<
A%
L
T
.
. A
=
A

water vapor'abundance. The adopted wzter vapor ab\mdances are gwen inf

Figure II-2, and are based on the (1ncomplete) chemistry program results. _ ,

While ozone abundances below about 50 km'maust take into account

H i lateral tranaport as well as vertical transport by eddy mixing and molecular
E- - 'diffusion, photochemical models are'adequate above that altitude,- and agree

with observations obtained by measuring absorption of solar and stellar

i 1 i : i
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ultraviolet radiation and those deduced from measurements of the molecular
oxygen 1.27 pm infrared atmospheric band. The exact profile depends on
assumed eddy diffusion cocificients, however, principally through atomic
hydrogen and oxygen concentration. 03 abundances used here are shown in
Figure 1I-3, and were obtained from the chemistry program.

Carbon dioxide has a lifetirne of about 10 days at the top of the atmosphere,
where it is dissociated by solar radiation. It is well shielded by molecular
oxygen below about 120 km, however, and should remain weli mixed below

100 km. The only good measurement above 100 km is that of Offerman

K R A A S RN sl e

and von Zahn (1971), who find that between 120 and 140 km the mixing ratio

is not mcre than 50 per cent less than the tropospheric value. Above 140 km,

R T A U SR

molecular diffusion is rapid enough compared to photodissociation to maintain

R

diffusive equilibrium. While Hays and Olivero (1970) have obtained a rapid

Lty

falloff in mixing ratio above 80 km, their results are incorrect because they !

RV

neglect recombination by Reactions R33 and R34 above 70 knmi. While the

OSSR SRR

chemistiry program was not run long enough to reach realistic values of

carbon dioxide concentrations, the profile shown in Figure 1I-4, based in part

on Offerman and von Zahn (1971) should be adequate as a basis for computation

of infrared radiances.

Although included in the chemistry program, methane is not considered

Cammo——a

as an important source of infrared radiation above 50 kin, as it is destroyed
by photodissociation .nd reaction with atomic oxygen and OH faster than it can

be transported upward.
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SECTION iI

EXCITATION MECHANISMS

General Considerations 2

g

e
Sy

Except for the pure rotational radiation from molecules such as

243 9, T i
24

water, the degree of excitation of vibrational levels determines the

a7

radiation from infrared emitting molecules. The physical processes

2
LU

A

affecting the population of vibrational states includes collisional excitation,

v

®

AT AN

radiative excitation by resonant absorption or fluorescent decay, chemical
formation in a vibrationally excited state, and radiative and collisional

de-excitation.

533
s
=8
e
¥

In the troposphere and lower stratosphere collisional excitation of
vibrational levels is sufficiently rapid to compensate for radiative de-excitation,
and vibrational populations are in thermodynamic equilibrium with translation
and rotation. At altitudes above 30 to 50 kmn, however, radiative processes
assume a dominant role in determining vibrational populations. Resonant
scattering and fluorescent mechanisms become the dominant processes
producing infrared radiation. At wavelengths greater than 5 um, the most

intense source of radiation is the thermal emission from the earth's surface

and from carbon dioxide, water vapor and ozone present at lower levels in
the atmosphere. During the day, the effects of solar radiation must be
included since fluorescent processes may lead to significant excitation of
vibrational states. At wavelengths shorter than 6 sum, resonant absorption

of solar infrared flux maintains vibrational temperatures above 200 K.

The following parts of this section discuss vibrational excitation and

de-excitation and the model developed for computation of radiative processes.

)
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B. Collisional Excitation . i

In computing radiances at high altitudes, it must be _ecognized that
vibrational levels are not populated at thermal equilibrium values. Radiation
de-populates vibrational states rapidly and cqllisional excitation is not

sufficiently efficient to maintain a Boltzmann di stribution of vibrational

A A RN N A

e

states. Collisional excitation and de-excitation rates are required to E '

Sl
!

compute the balance of opposing mechanisms which determine actual

vibrational populations. ' )

Four collisional processes are considered which affect the vibrational

state of a molecule. (1) translational-vibrational (T- V) mteractmns in wh1ch
t1onslational energy is transformed into mbratlonal energy or vice-versa durmg .
a collision, (2) intermolecular vibrational exchange (V-V) in which a molecule

I
of one species exchanges a quantum of vibrational .energy thh a molecule of

AR SR O N S e !

2
B!

another species, (3) intramolecular vibrational exchange in polyatomlc '
molecules in which a collision transfers the energy in one mode of vibration :

into another mode within the same niolecule_, and (4) collisions between an .

28] 22 Ao Y

atom and molecule in which there is either atom exchange or the formation of

eSS

a collision complex which has a hfetzme long enough tc ethbrate kinetic and

vibrational temperatures. This latter process may be conSIdered a special

case of the first mechanism. : : : .

When 2 molecule in the' ground state collides with another molecule

3

there is a finite probability P that a portlon of the relative translational
energy will be transformed to wbratxonal energy if the translatxonal energy
is equal to or exceeds the vibrational energy. Similarly, if the molecule is 1n

an excited vibrational state, there is a finite probability P that the vibrational

TV
energy will be converted to relative translational energy during the collision.

For a Boltzmann distribution of translational energies at a given temperature,
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' P =P El‘-ex < (3-1)
. TV VT, P A KT

Similar éxpressions hold for intermolecular and intramolecular V-V transfer.

Lo

sy

E

The rate at wlnch a wbratmnal level is excited (kTv) or de-excited =

(k VT) is given by the prqduct of the collision frequency Z and the transition %
probability. Experir_nental d'eter'mgnations of collisional excitation rates may ';3

»
ko

: be reported as probabilities, excitation rctes or relaxation times. The latter

o,

K,

are related to excitation and de-excitation rates by (Herzfeld and Litovitz, 1959)

= ko +k (3-2)

Excitation ratés depend on teraperature and number density through the strong '
tempe rature -variation qf the transition prcbability and the square root tempera-

ture and linear density variation of the collision frequency.

AN ARy SR S
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The most importaxit molecular collision partners in the atmosphere are

i,
(3

nitrogen and oxygen, and a knowledge of their vibrational temperatures and

i

0

.

esiteriol

effects is impof-tant. These will be treated first and followed by a brief

SN

Gy
ey e

o 3 ot e by e S

g discussion of the reiative importance of collisional excitation mechanisms =
= ; for nitric oxide. k
=) ' 1 ’%

B . Vibrationally excited oxygen can be produced in the atmosphere by %

recombination of atomic oxygen
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O+04+ M—O. + M (3-3)
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by formation from ozone

O+ 0 -—vOZ-PO (3-4)

by fluorescence in the discrete Schumann-Runge band system

*
hy + 02—’ O2 (3-5a)
2
—’O2 + hy {3-5b)

by transfer of kinetic energy to vibrational energy

¥
02 + M —>Oz + M (3-6)
by electrcn impact
+ O, +e + O‘ (3-7)
€ 2 2

by exchange of vibrational quanta with molecular nitrogen (and other

molecules}

¥ L J
N2 + O2 - NZ + O2 (3-8)

and by the strong collisiona: interaction with atomic oxygen

L
O+OZ—’02+Q. {(3-9)

36
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Vibrationally excited oxygen can be quenched by the strong collisional

interaction with atomic oxygen

¥
O + Oz——O + O2 (3-10)

by transfer of vibrational quanta to molecular nitrogen (and other molecules)

$
O2 + Nz—’O2 + N2 (3-11)
and by transfer of vibrational energy to kinetic energy
$
O, + M—=—0O, + M (3-12)

2 2

T M AR R B et Wit SRR e MR R ARAEN

Above the mesopause, and up to 300 km, reactions (3-9) and (3-10)

Fs "}‘;
¢ . - &
= dominate production and loss of vibrational excitation and can be shown to ;;g
.: maintain vibrational distributions close to thermal equilibrium values. E:
'

Bates and Moiseiwitsch (1956) proposed that the atom exchange

54

3 reaction

ey

o
R

W

o + 02 - 00 + O (3-13)

is sufficiently rapid in quenching vibrationally excited oxygen that the reaction

proposed by Krassovsky {1955)

1o gs

O: + H -"OHti- o (3-14)

RSN A R P Ao s S sk o

£

¢

2

cannot be important in the production of vibrationally excited OH. Bauer and

Tsang (1963) suggested that reaction (3-14) would be important in relaxing the

BB
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: vibrational levels of shock heated oxygen aid estimated the rate coefficient
‘- to be about 2 x 1™ 1° exp (- 8000/RT) em”/sec.

: é The rate for atom exchange reaction (3-14) has been measured near
l room temperature by Ogg and Sutphen (1953, 1954), Brennan and Niki (1965),
Jaffe and Klein (1966) and Herron and Kiein (1964). Johnaton (1968) has

~ reviewed these results and recommends a value of 10-—12 cm3/sec for the

rate coefficient at 273 K. Garnett, Kistiakowski and O'Grady (1969) have

measured the rate coefficient near 1800 ¥X. Clark, Garnett and Kistiakowski

S N A A R RS RIS A MR S R N s e i it

(1970) have combined the latter results with those of Jaffe and Klein (1966) to

suggest a temperature dependence given by

;
b -12.48+0.3_1/2 cm /sec

- By = 10 = "7 T " exp[-(960+700)/RT] (3-15)

b

Kiefer and lL.utz (1967) have measured the vibrational relaxation time

-f of molecular oxygen in the presence of atomic oxygen at temperatures between

1600 and 3300 K. They find that over thiz temperature range the product of %
5 s
pressure P and relaxation time ‘to is given by i
b -8 -12

P‘t'o = (4.35+0.19) x 10 ~ - (7.75%+0.81) x 10 T atm-sec (3-16)
2

5
5%
£
3
¥
5]
4
2
=
N
::‘.E

The prediction of Bauer and Tsang (1963) agress with this result within a factor
of two. The rate coefficient for atcm exchange from Equation (3-15) is

9.8 x 10-12
from Equation (3-16) is 8.6 x 10~

cm3/ sec at 160C K and the de-excitation ratc coefficient derived

12 cm3/sec at 1606 K. The close agreement
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supports the assumption used here that the vibrational de-excitatior rate
is within a factor of two cf the atom exchaage rate, which may be considered

well determined.

Further evidence is given by the thcoretical computation of Breig
(1969) who estimated the rate of de-excitation of high vibrational levels of
molecular oxygen by reaction with atomic oxvgen. He obtains total reaction
rates of the V=5 and V = 25 levels at 200 K. Breig's (1969) results
may be used as a qualitative argument for the further assumption that higher
vibrational levels of molecular oxygen will reach steady state populations in

times of the order of that required by the V=1 level.

Dalgarno (1963, 1967, 1970) has suggested that fluorescence in the
discrete Schumann-Runge band system may be an important source of
vibrationally excited oxygen in the mesosphere 2nd thermosphere. The
experimental results of Ackerman, Biaume and Nicolet (1969) and Hudson and
Carter (1969) indicate that excitation to V'> 3 results in predissociation
rather than fluorescence. I this conclusion is accepted, the only transition
of importance is the (2, 0) transition at 1971 K. This has an oscillator strength
f in absorption of 2.34 x 10-4 according to the computations of Nicholls (1964).
The solar flux ‘WFO at 1971 X is about 1.2 x 10ll photons/(cmz-sec—g)
according io Detwiler, et al. (1961) or 1.4 x 10M photons/(cmz-sec-f\)
according to Ackerman (1970). At the top of the atmosphere, the absorption
rage g per oxygen molecule in the (2, 0) band is 9.6 x 10-7 photons per second

from the relation

2
g = “ez TTFOfAZ (3-17)

mc
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Using the Einstein A coefficients given by Nichalls (1964), it is.found that

the mean vibrational level following fluorescent emission is 11 so that about

sk

DRI

Vi

10-5 vibrational quanta are produced each second pe;“ molecule. : . , z

The effective rates of vibratienal excitation by eloctron impact may
be determined from the electron cooling rates computed by Lane and i
Dalgarno {1969). Using the electron den51hes and temperaturgs observed .

. - I —5
by Spencer, et al. (1965), ‘typical rates'are 3.3 x 10 6,‘ 1.8 x 10 ~ and

SR SRR T AN ER I B U TR SRt e ISR AT O Ay
A

LAY
¥
]

6.2 x 10-5 2xcitations per molecule per second at 150, 200 and 308 km,
respectively. ; ' ; : !

v

The effects of the above processes on molecular. oxygen vibrational

‘
[
|

temperatures were computed for the CIRA 1965 mean atmo'sphere for altitudes
between 80 and 300 km. The rate coefficients given by Jchnston (51968) were

used for three body recornbination of atomic oxygen and for the reaction of :
atomic oxygen with ozone. The ‘maxix.num possible vibrational excitatic;n of :
the products was assumed. Thke rate 'coefficients given by= Gilmore, Bauer'

and McGowan (1963} were used for vibratibnal excitatioh by collisional’
. .
transformation of kinetic énergy and collisiornal exchange of vibrational quanta
: 1

with molecular nitrogen. The de-excitation rate by reaction with atoigqic

oxygen was taken to be 3.3 x 10.:13 Tllzexp(—485/'f) cm3/sec, the mean

B s R R A s s T B A

value suggested by Clark, Garnett and Kistiakowski (1979).

Even with the upper limits to nitrogen vibrational temperatures given

by Walker, Stolarski and Nagy (1969) thé rate of vibrational excitation of

R AR S A SR A

molecular oxygen by collisional transfer of .energy with nitrogen is less than

-6 ) : ;
10 = excitations per molecule per second 'at any altitude above 80 km.

1 . .
At all altitudes below 200 km, the vibrational population of molecular
t
oxygen as computed is within two per cent of the thermal equilibrium value.
At 300 km, excitation by electron: impact increases the population of the first .

vibrational level by less than twenty per cent. Thus, at ali altitudes where

.
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polar molecules will be significantly excited by molecular o’xygen,‘ the
1 vibrational temperature iay be taken to be the kinetic temperature. This

restlt agrees with the conclusions of Bauer, Kummler and Bt_)rtner (1971).

The vxbratzonal temperature of molecular mtrogen at high altltudes

remams uncertam. The prmcxpal processes whach have been- suggested to

:

produce wbrahonally exsxted nitrogen are transfer of kinetic energy to

vibrational quanta

]
2

. . . :
The principal progess which quenches vibrationaliv excited nitnogen is

c011131onai transfer of vibrational quanta to the v vibrational mode of

i car bon dioxide :

(3-22)

: : .
N, + M —N, + M . (3-18Y
quenching of O( ID) by collision '
E ot py + N, — o p) + N (VeT) (3-19)
reaction of atomic pitrogen and nitric oxide '
‘ H . : . i .
4:-' ; ¥ 3 P
H('3) + NO—N, (V<12} + O(P) (3-20)
' '
and excitation by electron impact
' N
| e t'N, —ed N . . (3-21y
2 o2t :
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Reaction (3-18) is insignificant above 70 or 80 km. If all the
available energy were transformed to vibrational excitation, quenching of
O_(ID) would be the most important process above 80 km. However, Fisher and
Bauer (1970) estimate that the process is only about five per cent efficient and
Black and Eckstrom (1971) have obtained an experimental efficiency of

8.3 + 6.5 per cent. Above 120 km, reaction (3-20) is the most important

Y U T ST s G i

source of excitation, Morgan, et al. (1962) and Morgan and Schiff (1563)

having determined that about one-third cf the available energy goes into

vibrational excitation. Reaction (3-21) is nearly as an important source,
the electrons involved being those produced by photo-ionization in the

E-region.

Walker (1968) and Walker, Stolarski and Nagy {1969) have computed

theoretical estimates of nitrogen vibrational temperatures. The first paper
neglected collisional transfer of vibrational energy to carbon dioxide and
obtained an approximately constant vibrational temperature of 3000 K above
110 km. Corbin, et al. {1970) noted that this result was too high near 110 krm,
more energy being transferred to carbon dioxide than could be produced by

the assumed excitation mechanisms. The second paper included quenching

) by carbon dioxide and recognrized that the O(ID) excitation mechanism might

be inefficient. Results were given for zero and 100 per cent excitation by

of 1700 K at 300 kim. The vibrational temperature is below 1000 K at all times
fér altitudes below 140 km. Minimum vitrational temperatures occur at

dawn and rise steadily until sunset. Using these results, it is found that
excapt for carben dioxide band emissions originating from the VB mode,
excess vibrational excitation of nitrogen is unimportant for radiation emitted

by the molecules studied here.

Degges (1971) has discussed the mechanisms whichk contribute to

42

this mechanism. The first assumption gives a maximum vibrational temperature
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vibrational excitation of nitric oxide. He proposes that above 80 km,

the most important collisional process is the atom exchange mechanism

NO + O'—= NO*' + O (3-23) i

Using the low temperature measurement of Herron and Klein (1964) and an
argument based on the adiabatic correlation diagram of Donovan and

Husain (1970) and the temperature dependence of the similar atom exchange
reaction of atomic oxygen with carbon monoxide, he suggests that the
de-excitation rate of vibrationally excited nitric oxide by collision with

-13.1/2 -13.1/2 exp(-1000/RT)

3
cm” /sec. The latter rate has been adopted in the present computations.

atomic oxygen lies between 10 cm3/sec and 5 x 10
Figure IlI- Icompares the effect of thie process with exchange of vibrational
quanta with molecular oxygen and nitrogen. Even if the nitrogen vibrational

temperature 1s 2000 K, niirogen is a less efficient collision partner above
120 km.

The rates used for other vibrational excitation processes are largely
the same as those used by Corbin, et al. {1969). Vibrational exchange rates
between nitric oxide and nitrogen are those measured by Basco, et al.(1961, 1962)
with the temperature dependence given by Gilmore, et al.(1969) which is based
on the correlation scheme of Millikan and White (1963). Collisional excitation
rates used for carbon dioxide and water vapor are taken from the review of

Taylor and Bitterman (1969), with the addition of the experimental results of

corm—— -

Stephenson et al. (1971) on iatramolecular vibrational exchange in carbon dioxide.
The rates used for nitrous oxide are those of Yardley (1968) and Simpson, et al.

(1968). Estimated rates for ozone excitation were obtained by use of Millikan and
White's (1963) correlation scheme, and comparison with other systems. Because

of the lower temperatures at the mesopause (about 80 to 90 km) and the rapid

miwamemmmmmmmwmmmmmmmwm-s,:m:amm.m.mv:.mm.;mmm%mm«asmm:mm:ﬁ:msmmmw,mmmmsmmmmmfmmmmﬁmmn

decrease in number density with altitude, the only critical rates above 80 km are

o

the oxygen atom exchange with nitric oxide and the vibrational exchange between

z %]

carbon dicxide and molecular nitrogen.
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C. Radiciive Processes and Modeling

The physical processes and assumptions used in developing 2 model
for transport of infrared radiation in the upper atmosphere are discussed 3
below, beginning with the interaction of electromagretic radiation with an
isolated atom or molecule. An understanding of the basic processes involved
is the first step in any computation of the radiation from a gas or mixture of
gases. Subsequently, absorption from a continuum source, a spectrally
varying source and fluorescent processes is treated. The effects of optical
thickness when the path of the radiation includes a large number of molecules
of the same species is considered for spectral lines with Doppler chape.

Finally, a modeal for the transport of radiation for a single vibration-rotation

band is described.

When treating a problem in which the number of photon emitted or
absorbed by an atom or miclecule must be considered rather than total energy
emitted, it is convenient to examine the physics of the interaction of radiation
with matter thrcugh use of the Einstein A and B coefficients. In treating a

radiative problem such as the current study of high altitude infrared radiances

[

which involves transfer of energy between molecules through collisions, this
approach is a necessity. In the following discussion, cgs units are used

except where explicitly stated.

The Einstein A ul coefficient is the rate at which an aiom or molecule
in an excited state spontanecusly emits radiation. It has the units

photons/sec-molecule. In an assemblage of molecules all in a state given by

the Einstein A al coefficient for the particular radiative transition from a state

of higher energy (subscript u) to one of lower energy (subscript 1).

In addition to spontaneous emission, two other processes occur. Thesz

are absorption, characterized by the Einstein coefficient for ~.osoxption 5

%’i‘d\\\%\% G B VR
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and induced emission, characterized by the Einstein coefficient for induced

ul

probability that an atom or molecule absorbs a quantum of radiation in unit

emission B .. In a radiation field with spectral density, I”v , the
: 1a

time is B . When radiation density is expressed in c.g. s. units

lu,‘o:@
3

e

.. . 3 . s
ergs-sec/cm”, ih& coefficient B a has units cm™ /ergs-sec. Similarly,

1
an atom or molecule in a radiation field with the above spectral density and

in an excited state emits radiation at the rate Bul'av in addition to that
Iu

characterized by the coefficient A The Einstein coefficients are properties

al
of an atom or molecule. If one coefficient is known, the others may be

determined by the relations

3
Aul = 8ﬂhBul/2 (3-24)
and
gIBIu = guBui (3-25)
Thus, it is possible to treat the problem knowing only the Einsteir Aul
coefficient.

-

Experimental determinations of the interaction of infrared radiation
with gases cre usually made by measurements of light absorption. Experimental «-

results may be expressed as intergrated 2bsorptien from a continuum source,

2
A_A. g
st =N ul " "iu “u c (3-260

o= 1 -exp
la 1 3% g .\luk'l‘
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| or as line or band strengths

= ] - :
Slu Slu/pc (3-27) :

In the visible and ultraviolet regions of the spectrum, it is customary

to use oscillator strengths to characterize the interaction of radiation and

PR

matter. In this case, the defining equation is

' ;
: |
b 2 ,
= e hc

RS 1 = - - -

E Sla © “me NMfa |l - P\ AT (3-28) :
& la !
1
b The results of theoretical computations of the interaction of matter

Wiy

with radiation are frequently expressed as dipole moments, M- These

s il
s BIHER

endiaN

are related to the Einstein A coefficient by

e
et

=

&3
-2
e

3
=

_| "“ull (3-29)

T,

4

Bl

The rate at which a single atom or molecule absorbs and reradiates

S

(.

light from a parallel beam from a continuum source at a waveiength )"o

|?“

St
&7

corresponding to a resonance transition is (Mitchell and Zemarsky, 1561):

2
_ We 2
G = — Iofo Ao (photons/sec)
mc
-13 2
= 8.852 x 10 Iofoxo (photons/sec) {3-30)
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where I is the continuum source flux and f is the oscillator strength.

If the mcxdent flux is expreased in photons/cm - pm, and oscillator strength !

is replaced by the equivaleat line or band strength S expressed as cm zatm 1,,

g

}m‘

s
X

2
Ly

R T

1 .
G = 3.72 x 10’24'103‘12 1 (3-31)°

AT

s

Implicit in this expression is the convénient relation between the Einstein

e

R R R A e B\ A R ULt

ks

A ul coefficient and line or band strength with wavelength 'dimensions pam

b
¢ H

. 2. 14,2
Ay, = 2.804s(em “atm™ ) A% um), (3-32)

$

When the source is an extended black body surface’ with a spectral

radiar.ce N" , the G factor xs obt- ined by mtergratxon over the solid angle

-

7

T RN T

subtended by the source. For radiation from a plane parallel surface of

infinite extent,

A

FAE AN L AL RN,

4

i

G = 1.169 x 10""’N,1 s’ C (3-33)

1

1
Another purely radiative mechanism of importance in uppei' atmosphere

.
i)

radiance computations is fluorescence. A striking example occurs for the

weak 10.4 P COZ band. Absorption of solar radiation by CO, 4.3 }Lm band

2

maintains the v3 vibrational mode at a  vibrational temperature of about

290 K. During the day, this leads to an enhanscement of emission in tiie
* i

Bt B e St
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10.4 pm band by as much as two orders of magnitude when viewed along the

earth's limb. from outside the atmosphere.

2
%
é
:
K
&
:
2

Flrorescence occurs when the upper state of the resonance transition
B % .
= 1 reradiates into other than the initial states. The relative probability of a
: i radiative transition to a lower state, n from the upper state, u when there ;
& are k possible lower states is:
‘ ' \ EE
3 | .
. A N
un ! ke
i . . : lpun = X (3-34) ' g
3 Z = L&
j=1 ¢ 2
é H H q.
. ’ - .
3 'where the Auj are the Einstein A coefficients for the spontaneous; emission : %
b Lo . . i ! =
& ! ' probabifities for a transition from the upper state to the jth lower state. : §
] ! : 52.
I : In the case of miolecular resonance-fluorescent scattering at low =
.y . 1 i i g
= temperature, only the lowest vibrational level {v'' = 0) in the ground electronic -
state is. populated significantly. Absorption of a photon excites the molecule gé
. . @
: to a vibrational levél, v' in the same, or a higher electronic state. Radiation Z
. 1 ) :«é
“i . is possible firon: this state to the initial level (v = 0) or to other vibrational
| R .
g levels (v'' # 0) in the ground electronic state. The rate of resonance fluorescent
,:. scattering in a given electronic vibrational transition may be obtained by ,
combining Equations (3:30) and (3-34) and introducing appropriate subscripts:
A
‘ can-17 2 vivn
. G = 8.853x10 "I f; R ———— (3-35)
1 A A vta vio “'vlo
: Avivyn

v"
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Here the subscrip: v'v'' refers .o a transition from an upper state with
vibrational level v' to a lower state with vibrational level v'*. The subscript
vio refers to absorption of a photon by a molecule in the lowest vibrational
lesel of the ground state, exciting the molecule to a vibrational level v' in

the same or a higher eclectronic state.

In developing a realistic model of the interaction of radiation with

matter, it is necessary to tak< into account the details of absorption. Line

shape must be considered because it determines the amount of radiation
escaping from an optically thick layer of gas. Thus, for large optical
thicknesses (greater than a magnitude of about 10), the total emission from
an isclated spectral line with Lorentz shape is proportional to the square
root of the optical thickness, while that from a line with Doppler shape is
proportional to the square root ci the logarithm of the optical thickness. In
addition, abscrption of radiation emitted at one place in the gas by a riolecule

at another location cannot be computed without knowledge of the line shape.

At high altitudes, the profile of the spectral absorption curve of an
individual line in a vibration-rotation band is predominantly due to velocity

or Doppler broadening. Kuhn and London (1969), who investigated the heat

t_‘:‘
34
"

&
B
=3

budget of the atmosphere between 30 and 112 ki, report that radiative

transfer calculations require the use of the Voigt profile (including both

SRR
'J"’;',,a' 1

collisional and Doppler broadening) at altitudes between 2C and 70 km.

b saf ot
Lades
hEA

Alternatively, the Doppler profile is adequate at higher altitudes where the

5 (AN

Doppler shape is the largest contributor to line broadening. The basic

L,
o

conriputational model therefore assumes a Doppler profile.

Y e

GG

In addition to the use of Doppler shape for a single line, several

2 ey 4440
jrigdd
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other assumptions have been made about the radiative transfer within lines

of a band. These are the following:
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(2)

sy =

(3)

{4)

(5)
(6)

Rotational levels within a vibrational level remain in

.equilibrium with the translational temperature. This

is valid up to at least 150 km according to Goody (1964).

There is complete redistribution of frequency within a

single line following absorption of radiation.

There is complete redistribution of absorbed energy

among all rotational levels.

Line strengths are used as if each line were at the
band center, neglecting wavelength variation across

a band.
There is no overlap of adjacent lines.

Temperature variations at different levels do not affect
the radiative transfer. This assumption probably
constitutes the largest source of error in computing

transmission.

The major result is to make computed band radiances too small when

determining escape of radiation from a warm layer overlaid by a cooler

layer.

The above assumptions lead to the following treatment, which begins

with consideration of a single line and from this develops the method used for

treating radiative transfer in an entire band. The spectral absorption

coefficient of a Doppler broadened line is (Mitcheli and Zemansky, 1961):

2 ASY)
1 In2 fle (o)
k{y) By 1, ~ —e leo exp _AVD JIn 2 (3-36)
D
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where the Doppler balf width at half maximum is

e S B

e

2ZRTIn2 -1
AY =J'——'-—n y. (sec 7) :
D 2 o
.'VIC ;

3

The amount of light absorbed by the line per unit frequency interval is

I(v)A(v)dy

(V) (1-T(v))av

At s Gy AN Lo s
R AL AR,

i1 - e XV gy (3-37)

and the total light absorbed is

r°0

S A it it AR RS

.
X I(V)A(V)AY = l I{v)(1 - T(Y))d¥
) o

S

) 2
Y-y \
= vI(l-exp (- K exp |-ta— an} dv (3-38)
) AvD

where the intcgration is over all frequencies and
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The line will absorb only near the center frequency v, and I(¥) may be

replaced by I{ vo). Making the substitution

V- Y
wo= -E;— 1n 2

{y)A(v)dy I(v)—==— l-e dw
é ° Jlnz oo

A

{ e2
mc

Ko

— * e € 3-39‘
21J2Z + 315 * ( !

I vo) leo 1-

The corresponding expression on a wavelength basis is

iy 2
2 K w
2
HAAAMEA = H2A) TS NE AN -5 f tgyg f e
' Joo me
2
K K,
= I(/‘xo)w 1 T *33{3’ + ...
2
KO KO )
= C?:N1 1-2! > +3!5 +..., (3-40)
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The quantity in parentheses in Equation {3-40) is sim'ply' a factor by

which the product of G and Nl

of total o;;tical thickness !r% in compntmg the total absorphon of rad1anon

by a column containing N, molecules/ cmz. in the lower state. This qudntity

1
is termed S by Mitchell and Zevnansky {1961) who present tabulations of 1ts

value. Penner (1959) gives an asymptotic expansion. for large values ot K

The astrophysical literature frequently uses the notatlon

w0 ' _WZ\'

2 . :
LiK) = KS(H) =7F] [L-e dw  (3-41),

The factor by which G must be mulnphed to obtain the true rate of
absorptisn at an optical depth i% may be found by dlfferentlatmg Equatton
(3-41) with respect to K {Ivanov and Shcherbakov, 1965).

aL(K) B o
an

It

M, ( Ko)

2% eV T 4 T (342

The factor by 'which G must be muiltiplied to obtain the actual
absorption from an extended black body source is (Ivanov and Shcherbakov,

1965)

2 W2 . ‘ ,
=1 4 : 0 si Ho 8
N Ko) = ¢ cos 0 sinB, M f——)d (3-_43)_
o o )

must be muitiplied to account for the effects:
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When the source of radiation‘ is a Doppler profile exactly that of'
the absorbing line, the dif*arential absorption at optical ‘thickness i,

is given'by . - ; S !

uw > (5-44) '

and G must be mulﬁ.plied by this fattor. Also, if tte source is an infinite
" . plane layer (nota surface) radiating with 2 ﬁoppler profile, G must be

multiplied by:

k3~45)

(o]
.9

Corbin, et al. {1970) evaluated the functions of Equations (3-41),

1 l L}

through (3-45) by numerical intergration and obtained polynomial -
, approximations for the entire range of variation of x, ‘from zero to !
infinity, using the known asymptotic forms as a guide at large value's. They

' then used these functions to compute the corresponding functions for vibration-

rotation bands of linear molecules. The resulting functions are con\'reniently
parameterized by using the optical thickness at the center of the strongest

line of a band. It was found that two sets of such functions were adequate,
one set for parallel transitions and one set for perpendicular transitions.

. !
i 1

In extending the modeling to non-1~i'near molecules, it was found to be

more convenient to use the number of molecules in the line of sight as the
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| model parameter. Since upper atmosphere temperatures are near or
telow 250 K where optical thickness affects results, the functions used in
the program for the water vapor Vz and ozone "1 and P, bands were

3
computer for a temperature of 250 K. Because ozone and water vapor are

- present in much smaller concentraticons than carbon dioxide, the effects of -

optical thickness are much smaller.

At altitudes where collisional excitation rates are small, particularly
between 80 and 100 km and akove 120 km, the radiation from the lower

atmosphere and the sun will control vibratsnal excitation of infrared emitting

molecules. Figure III-2 shows vibrational temperatures which will be maintained
by radiation from the earth's surface and lower atmosphere assuming that the
upward radiation may be treated as originating from a blackbody at a given:
temperature. The effective cemperature will vary with wavelength and lower
atmosphere temperature and composition. Curves are drawn for blackbody
temperatures of 200, 220, 250 and 300 K. Typical radiation temperatures
between 5 and 25un lie between 190 and 310 K (E. G. Wark, etal., 1962).

The main feature of importance in these curves is the decrease in vibrativnal

temperature with increasing wavelength for a given blackbody temperature.

During the day, solar infrared flux is important in exciting the shorter

wavelength transitions. Figure III-3 shows sola:r infrared fluxes at the top

j!*" sl

of the atmosphere given by Johnson (1964} and the resulting vibrational

Pt

St
L

temperatures for a molecule at the top of the atmosphere. Absorption of

YIS

- radiathion by molecules between the lowar atmosphere radiatior. source or the

A A
o 'n‘.(

sun decrease?s the cifective incident radiation. This is partially, but not

completely, offset by the radiation of these molecules.

y s
AT T

The band functions are used to determine the effects of absorption between

Arolai
AREys

a molecule at a given altitule and the various sources of radiation affecting a

IRV
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given band in the following way. The vertical optical paths to the lower
boundary and to each level in the atmosphere are computed and, for daytime
conditions, the optical path to the assumed top of the atmosphere in the
direction of the sun. The effective radiation from the lower boundary is
determined by multiplying by the value of the band function Nlb ( l{o)
corresponding to the line function of Equation (3-43). The effective radiation
from the sun is determined by multiplying by the band function Mlb { Ko)
corresponding to the line function of Equation (3-42). Finally, the effective
radiation from all atmospheric levels is obtained by integrating the product

of emission at each level and the band function sz( hfo), which corresponds

to the line function of Equation (3-45). Vibrational populations are determined
by balancing collisional and radiative excitation and de-excitation rates. Total
band intensities at an observation point inside or outside the atmosphere are
computed by determining the optical path from each level to the observation
point and integrating the product of local emission rate and the band function
M]b( \{o). The spectral distribution of radiation is determined by finding a
mean effectiv-. temperature and line of sight columa density for the radiating
molecules, computing intensity for each line in the band with the line function
( l'{o). summing the line emission rates and scaling each line emission rate

so that the total band intensity is obtained.

The use of band radiative transfer functions derived by assuming non-
overlapping lines with Doppler shape does not lead to a completely satisfactory
integration with the radiation field at lower altitudes. Gille and Ellingson (1968)
have computed correction factors to make possible the inclusion of Doppler
broadening effects in the computation of transmissivities of random exponential
bands based on Lorentz line profiles. A rational approximation to their table
of correction factors, obtained by a least squares gradient search on the
parameters involved, has been investigated. Results were not good, partly

because of the inaccuracy in computing transmissivity differences between
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large values of absorber amount and partly because of the crudeness of

the rational approximation, which in some cases led to differences with

the wrong sign. Ancther problem with using such models is the difficulty
of properly accounting for irradiation from an extended source (cf. Kuhn
and London, 1969). Line-by-line integration with use of a Voigt line profile
as done by Arnold, et al. (1969) is feasible when vibrational excitation is
known beforehand and would be better but much slower than the present

method of computing limb radiance spectral profiles.

Table III-1 lists the molecular bands included in the program. The

band strengths listed for CO,, H,O, O, and N_,O were adopted from a

compliation by C. R. Calfeezof EZSSA wiich wazs provided by R. A. McClatchey
(private communication, 1970) of AFCRL. These total band strengths agree
with those obtained by summing the individual line strengths used by
McClatchey, et al. (1970). The ba-." trength of the fundamental of nitric
oxide is an average of the values o~ :-i.ed by Abels and Shaw (1966), Feinberg
and Camac (1967), Oppenheim, et 1967), Schurin and Clough (1963),

and Varanasi and Penner (1967). The nitric oxide overtone value is that

obtained by Schurin and Ellis (1966) and agrees with the theoretical calculation
of Michels, et al. (1970).

D. Chemiluminescence

It is well known that some reactions such as that of atomic hydrogen
with ozone to form OH lead to product molecules which are vibrationally
excited and radiate in the infrared spectral region. Thus, Corbin, et al.
(1969) assumed that nitric oxide produced by reaction R42 was produced
with an average of one vibrational quantum. Hushfar, et. al. {1971) have
determined the initial vibrational populations of nitric oxide in states higher
than the first excited level. Their results indicate that at most one molecule

in 50 is formed vibrationally excited to the second or higher vibrational level.
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Table III-1 3
Molecular Bard Strergths at 296K %
‘%"i
Vibrational -
Transition¥* :

Band Center Upper Lower Band Strength

Molecule Wavelength, _pam State State atm-lcm-2

CO2 18.37 11102 10001 0.00675
16.74 11102 02201 0.129
16.18 10002 01100 3.56
15.46 11102 10002 0.550
14.98 01100 00000 205.0
14.98 02200 01100 16.1
14.97 03300 02200 0.948
14.52 11101 10001 0. 369
13.87 10001 01100 4.59
13.48 11101 02200 0.196
12.64 11101 10002 0.0278
10.41 00010 10001 0.0122

9.40 06010 10002 0.0157
5.18 11102 30000 0.0102
4.82 11101 00000 0.0553
4.26 00010 00009 2380.0

H O 6.27 010 000 290.0

o 9.60 001 000 320.0
9.06 100 000 8.26

NO 5.33 1 J 112.0
2.68 2 0 1.95

NZO 17.26 0200 0110 1.73
16.98 01iC 0000 30.4
16.98 0220 0110 1.73
8.56 0200 0000 11.1
7.78 1000 00990 216.0
7.74 1110 0110 7.75
4.58 0001 0000 1710.0

*Vibraticnal states are designated by ¥, vl VZ)’ , )’IVZI ll3 or
’l vzlvsf , Wwhere )‘i is the quantum number of the ith vibrational

modes, & is the vibrational angular momentum quantum number and f

(if greater thar zero) identifies different components of a Fermi resonance
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; If their fit of the distribution to 2 relative vibrational temperature of

"

i

5000 X holds for the first vibrational level also:, then this rzaction will be of
negligible importance in producing infrared radiation. No e¢=xp¢zz'imental'dam
exists on the vibrational state of nitric oxide formed by the more important:I ; i
reaction of N(zD) with molecular oxyéen, and nitric oxide chemiluminéscence i
is not included in the radiance moaodel. Similarly, F. R. Gilmore (private :

communication to J. W, Carpe‘nter,: 19707 has suggested. that ozone may be

S TR R

formed in highly excited vibrational states which may lead to radiation

N
A

occurring in the )I mode at longer wavelengths than the 001 to 000 tranmhon.—

e

Again, there has been no experimental determmahon and refinement.

Gilmore's estimates weuld requiré more information on both the initial state

p

of the product ozone mclecule and the relative transiticn probabilities of the

competing radiative transitions that cascade to the ground vibrational state.
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SECTION 1V

DESCRIPTION OF PROGRAMS

' This section describes the corhputer programs developed to implement

the i<.:her5nistry disct;ssed in Section II and the computation of high altitude limb
;riewing infrared radiances employing the physical processes discussed in
Sectio? III. The chemistrly program, including the effects of vertical eddy
i mixilng_ and rmolécular diffusion, is completely new. The programs to compute
1 radiance are modifications of those developed by Corbin, e al. (1969). An
additional program has been written to selectively plot the output of the radiance

p:rogr;am. 'I':he programs are deséribe_d below and are listed in the Appendix.

A. Chemistry Program

The chemistry program consists of a main program, SNAPSZ,
and 6 subroutines; ROMTST, TKEL, SOLLY, CONCEN, COLUMN, and
SUNPHI. The main progfam perierms the chemical computations, including
the effects of vertical transport. ROMTST embodies the extrapolation method
of Equation {2-18). TKEL is used to compute temperatures at each altitude.
SOL.LY computes the, solar zenith a'ng)e ¢ nd fraction of the solar disk visible
at each altitude. COLUMN integrates the number densities of molecular

nitrogen, oxygen and ozone above a given altitude in the direction of the sun.

- Y
‘.*:,:.4.9.9:3&.&*.&&@&1&.%«*&;;4:‘?.%e«e;mmmmmﬁmmmfxmm%mmtbm{ammxmmﬁm!%mmsm&:m&m:@mmaamma»:‘f}mmaﬁm‘r &w’;{a&mmwmm@ﬁmﬂﬁ

CONCEN is called by COLUMN to obtain nurnber densities required for the
integration. SUNPHI computes the attenuatinn ¢f solar flux by absorption
between a given,altitude and the assumed top of the attmosphere in the solar

direction and returns the photodissociation rates required for the chemistry.

' . . 63
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The necessary input data to the chemistry program is a set of
14 data cards containing identification and variable parameters and a set

3
2; 02, o("P), 03. OH, I;, HZO’

of 603 cards containing concentrations of N

. 1
HOZ' Hzoz, HZ’ CH4. COZ’ CO, O('D), N('S), NO, NOZ’ NZO’ N( D) and

Ar at one km intervals between ground level and 200 km. The data is read

3 in the following order:

1. IDENT 60 characters of identifying cornments which

are uzed in output page headings. The first

& character should be a blank.
2. DTHETA Co-latitude, degrees, of the computation

location. A value of zero corresponds to the

f north pole.

3. DPHI East longitude, degrees, of computation

H location.

f 4. SOLDEC Solar declination angle, degrees, used to

;, determine time of year.

° 5. GREF Surface gravitational acceleration, cm/ secz,

at computation location.

6. REFF Effective value of earth radius, km, for use

in computing gravitational accelerations at
23 points above ground level.
7. EPS Relative error permitted for each time step
= in the integration.
2
g 8. MLMAX Maximum number of times integration is to be

attempted for each time step to obtain relative

error EPS.

-
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9. NBASE Index of base altitude for computations, ! 2
P

altitude in km plus one. : %‘

10. NTOP Index of highest altitude in computations, . B
altitude in km plus one, restricted to 201 or §

less in current program. §

“Z

11. IHRMAX Number of times at which complete output is : "
i

required. £

12. MMAX Number of integration steps between complete 2

output points.

13. DLTIME Integration interval, seconds; the total simulated
time for a given run, in seconds, is

IHRMAX*MMAX*DLTIME.

14. TIME Initial time, seconds, measured from noon;

A.M. values are negative, P.M. values are

positive.

15. CONSP The 603 cards containing concentrations and
identifying indices; concentrations are read

into array CONSP.

T L AT S oS

2

Frogram execution begins with the initialization of constants used 5;
by the program. The values of eddy diffusion coefficients uced at altitudes f;?
above 40 km are stored in array EDCOEF. The peak vaiue set by the DATA g
statement occurs at 104 kmn. The eddy diffusion coefficient profile is lowered ;§
by 9 km in the DO loop ending with statement 90 and the low altitude eddy ?:;
diffusion coefficients in array EDCF are transferred to array EDCDEF in : %

the DO loop ending with statement 95. This permits use of separate sets of

high and low altitude diffusion coefficients by changing the appropriate data

65
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statements, and easy variatica of the altitude of maxium turbulent transport.
The data described above is then read in. The information on each data card

is written to printer output channel 6 as it is read. Columns 13 through 80

of the serond through fourteen data cards are printed in addition to the number
placed in columns 2 through 12 so that comments may be added. The firat

14 data cards are printed on a page numbered -1. The irput concentrations
require about 10 pages to print, the first of which is numbered page 0. Further
execution is determined by the input data. A brief flow chart is given on the

following pages.

The outermost control DO loop ending with statement 450 is executed
IHRMAX times. Withia this loop, the computer clock is <alled and computer
running time since ti:e beginning of the program is storad i variable SECA.
Variable locations used in the DO loop ending with statement 110 are set to
zero and this loop is entered and executed for each altitude between NBASE and
NTOP. The mean molecular mass RMWT at each altitude is computed by
the statements associated with DO loop 102. Temperatures are computed by
calls to functicn TKEL. The gra-vitational acceleration at each altitude is
computed and local mixing scale heights Hav are computed. Coefficients
for the eddy diifusion contributions to q and ¢ terms in Equation (2-10) are
determined from the finite differerce approximation, Equation (2~8), and stored
in ar-ays BTED, QJEDL and QJEDU. Factors needed for computation of
molecular diffusion contributions are computed and stored in arrays AFAC,
BFAC, CFAC, DFAC and RDTEMP. The molecular concentrations at each
altitude above the hase altitude are scaled to be consistent with the finite
difference scheme in the DO loop ending with statement 104. An effective
molecular scale temperature is used for the local scale height. Before exit

from DO loop 110, N2 and O, concentrations and sample computed values are

2
written to the printer cutput channel for altitudes between but not including those

associated with NBASE and NTOP.
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Flow Chart for Chemistry Program
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Fles Chart for Chemistry Program (coﬁtinued) ",
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The DO loop ending with statemnent 400 is entered and executed

MMAX timea. Each execution advances the integration time by DLTIME
seconds. The time at the end of the step is computed in floating and fixed
point form If the value of NPRNT permits, 2 new page is started and the
time and column headings are printed. Molecular diffusion coefficients are

computed for the two lowest altitudes in the statements associated with DO
loop 130.

ol YA i SR

The DO loop ending with statement 350 is entered and executed for

each altitude. Moiecular diffusion coefficients are computed for the next

higher altitude, and the molecular diffusion contributions to the V.4 and g

2. 5 terms are computed and combined with the eddy diffusion contributions in

the DO loop ending with statement 140. The solar zenith angle CHI and the

, B
; fraction ETA of the sun's disc visible are computed by subroutine SOLLY. g
: If the sun is visible, column counts of NZ’ 02, O and O3 in the solar direction %
{ are computed in subroutine COLUMN and photodissociation rates are computed _5
; in subroutine SUNPHI for the time at the midpoint of the time interval of %
': integration. Reaction rate coefficients are computed for the temperature at ::
the given aititude. %
1 3
7 The integration for a global time increment DLTIME at a single altitude %
’ is performed in the DO loop ending with statement 300. The operations within :;‘{’:
, this loop are repeated either until convergence to relative accuracy EPS is %
3 achieved or until MLMAX repetitions have been performed with no convergence. g
, Each time through this loop, a new number of local time intervals, MMF, is %
j computed to conform to the extrapolation procedure of subroutine ROMTST. §
: Values of the initial concentrations at the integration altitude in array CONSP §
ﬁ are placed in array DCX. The DO ioop ending with statement 290 then integrates _;;:
’ over the MMF local time steps. The values in array DCX are copied into array 3 g
\: y TCX and the time incremen{DTIME is set to one-half the length of the local % %
,:' increment. An index ITER is set to one and appropriate third body concentrations ? %
15
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are computed. The algorithm of Equation (2-10) is then applied for each species §
‘ in the DO loop ending with statement 255, the results being placed in array RCX. ég
f ITER is incremented and the results in array RCX are placed in array TCX. g
T ‘ The time increment is doubled and the DO loop ending with statement 255 is again g
executed, using the intermediate results from the first execution to compute g
the o, ﬂ and q terms. The results of this second cycle, computed in array %j
RCX, are transferred to array DCX and the statements in the DO loop ending :’é
.‘ with statement 290 repeated until the global time interval DLTIME has been ;g
covered. Subroutine ROMTST is called to test the values in array DCX with E
previous results produced in the DO range ending with statement 290. The §
i improved conceniration values are returned in array TCX. If convergence is %
; achieved, control is transferred to statement 310. Otherwise, the DO loop ending ‘%
'a, with statement 300 is repeated. If this process does not result in convergence ,5:
: in MLMAX tries, the er:dpcint values in array RCX are placed in array TCX in §
; ! the DO loop ending with statement 315. The endpoint results for the next lower g
{~ altitude, which have been stored in array SCX, are written into array CONSP g
i‘;' and the contents of array TCX are placed in array SCX. Production rates for %
{ OH by two different reactions are computed and stored in QCOHA and QCOHB. g
!: "Rectangular' sums of total column counts are incremented in DZOHA and f_;
,; DZOHB. These values are computed to provide a rough check on the hydrogen %
‘: compound chemistry and may be compared with airglow observations. If the f‘j
!,, vaiue of NPRNT permits, the altitude, QCOHA, QCOHB, DZOHA, DZOHB and é
; the concentrations of 16 molecules are written to the printer output channel. g
; The statements in the DO loop ending with statement 35C are then repeated until Z’E
concentrations at all altitudes between (but not including) NBASE and NTOP ;.?“-;;
have been integrated over the giobal time step DLTIME. %
E S
17 When all aititudes have been integrated, a summary of number of 5;‘;3
} iterations is sent to the printer output channel and the time value TIME is %j
I :
23 %
r -
. :i%
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incremented by DLTIME.

After the integration has been advanced MMAX times with the increment

DLTIME, all concentrations are sent to the punch output channel by the state-
ments in DO loop 420 and to the printer channel by the statements in DO loop
440. The internal computer clock is again accessed and the starting, end,

and elapsed time required in DO lcop 450 are sent to the printer output channel.

Program executicn ceases after this outer DO loop has been executed IHRMAX
times.

The scaling of concentrations performed in the DO leop ending with
statement 104 permits use of output data from runs at another latitude or with
a different temperature prefile to be used as input data. Whiie there may be
some difficulty in reaching convergence at altitudes below 90 km in the first
time step, this is not a serious problem. When using a global time step
DLTIME of 600 seconds and a value cf 0.01 for EPS, computation of chemical
changes over a day for 150 altitudes requires on the order of 20 minutes runring
time on the CDC 6€00. This is longer than would be required by the differencing
methods usually employed (e.g., Shimazaka and Laird, 1970) but the error
control compensates for this, It is not necessary to alter time increments at
dawn or sunset since the convergence algorithm of subroutine ROMTST
automatically forces the use of smaller time subdivisions of the global time
interval DLTIME. Further study is required before it will be possible to
state optimum values of DLTIME and MLMAX. Since as many as 20 diurnal
cycles may be required to reach concentrations which repeat from one simulated

day to the next, a means of reducing running time is required. Possible methods

are to rewrite the program and subroutines COLUMN, CONCEN and TKEL to

use a larger altitude increment or tc generate a startiag atmosphere with the

method of Colegrove, et al (1966). In its present form, the chemistry program
+ _+ _+
SNAPS2 uses fixed concentrations of NO , O_, O and electrons during the day

and assumes no ions to be present at night. The full ionic chemistry of Table

2-4 shculd be added aad photoionization rates added to the photodissociaiion
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rates computed by subroutine SUNPHI.

The names of the real arrays and their uses are:

A AFAC stores values of numerical approximation to
1T

% T d2
AMWT stores values of molecular weights, gm/mole;
E: values are set by data statement

: BFAC stores values of the coefficient of molecular

con~-entration in the numerical approximation

2. 2 2
o -|23+32% .- 1)
oz oz T L

BTED stores values of coefficients used in computing

contribution to ﬂ terms fron: eddy diffusion

BTEMD stores values of contribution to /g term from

both eddy and molecular diflusion for each

= molecule at a given altitude during integration.

CARD used as temporary storage for comments in

columns 13 through 80 of first 14 data cards

CFAC stores values of numerical approximation used
to compute )t for diffusive scale heights
2 9z
H
CMD stores values of molecular diffusion coefficients

v
i

for each molecular species at a given altitude

Lot N L Rt '
LSRR

during integration

CMDL steres values of CMD at next lower altitude
S CMDU stores values of CMD at next higher altitude
.
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COL stores values of integrated column ccunts

computed by subrcutine COLUMN

CONSP stores values of molecular number densities;

a’xi«\

initial values are read in from cards; values are

altered at each integration step

DCX stores initial number densities for one altitude

during local time step in integration

DFAC stores values of g/RT used in computing
atmospheric scale heights and contribution of

molecular diffusion

> EDCF stores values of eddy diffusion coefficients for
altitudes below 40 km, set by DATA statement

e i EDCOEF stores values of eddy diffusion coefficients,
initially contains high altitude values set by

DATA statement

QJEDL stores coefficients of eddy diffusion contribution to

3 q terms from next lower altitude

N £ A WA
.‘!?4-'1\? ‘\“4.1& i A

RNy

QJEDU stores coefficients of eddy diffusion contributions

to q terms from next higher aititude

B

1 QJEMD stores values of contribution tc q term from eddy
3 and molecular diffusion for each molecular species
3
A at a given altitude during integration
j RATE stores values of photodissociation rates computed ;
;
s by subroutine SUNPHI 3
3
RCX stores intermediate values of number densities for a
f single altitude comp.ced during iccal time step in
integration
‘
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RDTEMP stores values of tempera ture coeffi'cients used

in computing molecular diffusion coefficients

|
;
1
|
}

SCX stores values of number densities compt'lted at
end of global time step for next lower altitude;
values eventually replace corresponding numbers
in CONSP S . | . ;

TCX stores intermediate values of number densities

used in computin” £, M and q:values during

B S it

o1
!

integration of local time step for a single altitude

TEMPK stores values of temperatures at each altitude,

values are computed by function TKEL

; TETOT stores values of total electron densities at each
5 altitude, values are set by DATA statement

Tr TFMT stores format statement for computer running
« time printout, set by DATA statement

&> i

+

3 TINO stores values of NO concentrations at each
zltitude, set by DATA statement

!
i

N

+
TIO stores values of O concentrations at each

i
b

008

altitude, set by DATA staterhent

: + .
TiO2 stores values. of O2 concentrations at each \

altitude, set by DATA statement

¥ e .
AR 2

E:

TST used as workspace by subroutine ROMTST

Chove

The name 1 of integer arrays and their uses are:

IDENT stores 60 character comment read from first

by 745
s AN BRI

data card, which is used in page headings
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stores image of last 20 characters of first

data card

stores hollerith constants used in printing

column headings

stores data on number of iterations required
for convergence of integration at a given altitude,
and '(largest) index of species which did not

converge in MLMAX iterations

The narnes of ‘the real variables and their uses are:

AFACNA temporary storage of value of AFAC for altitude

at which integration is being performed

BFACNA temporary storage of value of BFAC for altitude

at which integration is being performed

BTEDNA " temporary storage of value of BTED for altitude

at which integration is being performed

H

BTSQ - square of/g term used in integration

i

BTT ~ value (partial or complzte) of /9 term used in

integration for a'single molecular species

CFACNA temporary storage of value of CFAC for altitude

at which integration is being performed
1

CHI solar zenith angle, radians, computed by

" subroutine SOLLY :

CEISAV temporary storage for value of CHI

CMDSNP - temporary storage for value of molecular d ffusion

coefficient for single molerular species
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| CON temporary storage for factor used in scaling

molecular concentrations at altitude NTOP to
to fit scale height defined by molecular scale

temperature

CONFAC temporary storage for factor used to ccale
molecular concentrations to fit local scale

heights defined by molecular scale ramperature

CONSPN temporary storage for concentration of a single

molecular species at a given altitude

Cl1 temporary storage for molecular nitrogen
: concentration
\ C2 temporary storage for molecular oxygen
concentration
: C3 temporary storage for atomic oxygen
B concentration
. DCT temporary storage for single value frem
. : array DCX
s 2D .
Pe DDDZ temporary storage for value of >z for single

molecular species
DELZ altitude increment, cm

DFACNA temporary storage for value of DFAC at altitude

for which int egration is being performed

DHDZ temporary storage for value of :—I-ZI
DKDZ temporary storage for value of %
DLT value uf &§ used in integration for a single

molecular species
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DLTIME time increment for integration step,read in
as data !
DPHI east longitude of point of integration, read in "

as data; not needed in present program which

assumes times are true solar times

DTDZ temporary storage for value of %
DTHETA colatitude of point at which integration is

performed, read in as data

DTIME storage for value of loca: time step in integration
DZOHA

DZOHB values of integrated production rates of OH

ED temporary storage for value of eddy diffusion

coefficient at a given altitude

TS IR
e

EPS value of relative error allowed in integration
ETA fraction of solar disc visible at given altitude
FAC temporary storage for intermazdiate results,

use varies in different parts of program

p:
=3
g
=4

= FACB temporary storage for either A4t or &t in

k Equations (2-10)

: FACDMB temporary storage for 5—/3 in Equation (2-10a)

£ FACM temporary storage for value of 1 - exp(- §1t)

FACRT temporary storage for 4acq,’/8 2

'; : FAC2AX temporary storage for 2« X ;
i} FAC4AQ temporary storage for 4alq z
E i
. :
5 2
3
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GL

GREF

GU

QCOHA

QCOHB

QJEDLN

QJEDUN

QIT

RDELZ

RE

REFF

RFAC
RII....

RMWT

Y O T T L 3§ W TR,
S A TR e 0 T ST N

value of gravitational acceleration at

altitude NALT

value of gravitational acceleration at

altitude NALT - 1

surface value of gravitational acceleration,

read in as data

value of gravitational acceleration at

altitude NALT+ 1

values of OH production rates at altitude

of integration

temporary storage for value of QJEDL at altitude

of integration

temporary storage for value of QJEDU at

altitude of integration

=

temporary storage for partial or complete
value of q term used in integration of a single

molecular species
reciprocal of twice the altitude inci “ment DELZ

effective radius of earth, km, used in geometrical

compvutations

effective radius of earth, km, used in gravitational

calculations, read in as data
temporary storage of intermediate results
storange for values of ionic reaction rates

mear —.olecular mass at altitude NALT




ey

AT R RN oSS PO AP T NS AT AT, AYE

=

RMWTL
RMWTU
ROBS
RTIME
R1. ...
RZ2DELZ

SECA )
SECB
SEGC

SFAC
SH

SHL
SHU

SI1, ...
SOLDEC

Sui
SUML
SUMU J

Ssi, ...

TCH4, ...

mean molecular mass at altitude NALT - 1
mean molecular mass at altitude NALT+1
altitude of given point, km

variable usc { in priating time values

values of forward neutral reaction rates

square of reciprocal of altitude increment, DELZ

storage for value of computation of computer
runni ng time

temporary storage of intermediate results
value of mixing scale height at altitude NALT
value of mixing scale height at altitude NALT - 1
value of mixing scale height at altitude NALT + 1
value s of reverse ionic reaction rates

solar declination angle, read in as data

temporary storage used in forming mean
molecular musses

values of reverse neutral reaction rate

coefficients

values of individual molecular concentrations in
array TCX, namesg individually for convenience
in forming &, ﬂ and q coefficients: TCH4
corresponds to CH4, TCO corrssponds io GO,

sotc.
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TEMP value of temperature at altitude NALT

TEMPI reciprocal of temperature ' '
TEMPL value of temperature at altitude NALT -1
TEMPU value of temperature at altitude NALT + 1
TEMPI12 value of minus one-half power of temnperatare '
TEMP32 value of minus three-halves power of temperature .
3 TEMP52 value of minus five-halves power of temperature -
TFAC temporary storagé of.intermediate results
3 TIME time, expresséd in seconds from noon, read in
Ba. as data; altered in program to be the time at
‘ midpoint of a glcbal integraiion step'so thut
_'; approximate mean values of photodissociation
: : rates will be computed by subroutine SUNPHI  : '
f XM4, ... third body concentrations for appropriate
j three-body reactions . 1
XXX12 storage for factor used in computing q term '

for (IO2 andﬁ tetrm for CO

i The names of integer variables and their uses are: ‘ 1
T 3 - .

ii 1 index i~ DO loop 95, au:;iliary index in DO ,
‘. loop 110, and index in iz:nplied infm't/ output ;

{ DO loops

: IF final parameter in innermost implied DO loop

vsed in printing output concentrations within

DO loop 440 : i
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| IR indek in DO loop 450 ;
IHRMAX final pa_ran‘xeter in DO loop 450, iiiput as
l data - - :
P index in print control DO loop 440
IS’ initial parameter in implied DO 1001;, see IF
ITER control index in integ;-ation, used between

statements 200 and 260 to select proper values
H

for array TCX ' '

XX index in DO loop 435, in¢remented for each

T L
m«mmmnmmmmmmmmrmmmm:m S

page of output

J. index in implied DO loops used in reading data

RSN

l into array CONSF within DO loo:p 100

YLt e

KCFH4, ... irdex variables used to select appropriate

Y

values of quantities related to given species;

most uses replaced by use of TCH4, etc.

KTEST - plarameter returned by subroutine ROMTST,

- oY) g ey

zero if integration has converged, non-zero

otherwise

LALT, LCHI,

£ - LCOLNZ, '

LCOLOZ,

LCOLO3,

LDZOHA,

LDZOHB,

LJO2, LJO3,

UML, ' LQCQHA,

g LQCOHB, , ‘ :

s : LTIME store Hollerith conatants used in printing column
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headings and are set by DATA statements
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ML

MLMAX

MLSAVE

MMAX

MMF

MMS
NA

NALT

NAMIN
NB

NBASE

NF

NMIN

index of DO loop 400, incremented for each

global time step

index of DO loop 300, incremented for each
iteration of integration over global time step

at a given altitude

final parameter of DO loop 300, read in as

data

temporary storage for value of ML, used after
exit from DO loop 300 to print number of

iterations required for corvergence

final parameter of DO lcop: 400, read in as

data

final parameter of DO loop 290, computed from
ML and is number of local subdivisions of global
time step DLTIME for the MLth iteration of

integration
index for DO loop 290, see MMF
auxiliary index, usually set to NALT -~ 1

index for DO loops 90, 100, 110, 350, 420 and
430; denotes a given altitude

value of NALT - 1 in DO loop 350
value of MALT - 2 in DO loop 110

index of lowest altitude for integration, read

in as data
final parameter of DO loop 430

stores input value of NBASE, which is changed

by program

84
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% N1

E & N2
N3

STV

stores output page aumber

value of NALT+ 1 in DO locp 350

variable availabie to control output of concentrations

at integration steps intermediate to fully documented

output at end of DO lcop 450, set to 1 at present, so

values are output for each interval DLTIME
initial parameter of DO loop 430

index in DO loops 102, 104, 130, 140, 180, 190,
255, 258, 280, 315, and 320; a value of NSP
selects a value of a variable corresponding to a

single molecular species

number of molecular species included in program,
20 at present, used as final parameter of DO loops

with NSP as index

final parameter of DO loop 420, in which output

cards are punched
used in printing time values

index of highest altitude used in integration,

input as data

channel number for printing computer running time

information, set to 6 here
ternporary storage for altitude index read from

cards cortaining concentration data

storage space used for sequence numbers of cards

read in or punched out at a given aiatude

B. Radiance Program

The high altitude radiance programs of Corbin, et al. (1969),
BCKGND and SPCTRA, have been mcdified by the addition of six carbondioxide
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bands between 5 and 25 sum, and improved band modeling for the water vapor

6.3 pam band and the ozone 9.1 and 9.6um bands. The basic structure is
unaltered and the division into two programs is retained. The organization

of the CDC 6600 program control system makes this feasible and the overall
saving in c.entral memory storage space is greater than would be possible by
using overlays. The output from the three lower altitude programs of Corbin,
et al (1969), which are based on Anding's (1968) program, is required only to
produce values of vertically directed radiances at the band centers. The
programs INTERP and CATM were run to produce on cards a complete set of
input data to RAD for each of the 47 lower atmosphere models. RAD was modified
slightly to permit reading in the band data cards and to either write on tape or
punch the band data cards with appropriate vaiues of upwelling flux, TFLUX.

The mid-latitude winter atmosphere mode! was used for the present computations.

Program BCKGND consists of the main program BCKGND and
subroutines BANRAD, INTERP, SIMP, XFER, TAUMAX, SJMAX, SDM2Z2, SMI,
SLMI1, QJPART, and EVAL. Program SPCTRA contains the main program
SPCTRA and subroutines ROCTATE, SFUN, QINT, FILTER, WATSTR, ROTSTR,
ROTPOS, and SIMP. Overall operation is discussed below.

The main program BCKGND serves primarily to control the operation
of subroutines which compute vibrational populations and radiative rates.
BLULKGND reads and checks the input data, and transfers control to subroutine
BANRAD which computes vibrational populations, local optical thicknesses
and volume radiances for all incl uded bands of a single molecular species.
When control is returned, BCKGND computes and outputs integratec band
radiances for limb viewing (exoatmospheric) and seven endoatmospkeric

viewing angles at selected tangent heights or endoatmospkhkeric altitudes.

Data is read in on two different channels, one being used for nun.ber
densities and collisional excitation rates, the other for band data which is
needed again by prograrn SPCTRA. The storage space used for methane data

in the older version is now used for atomic oxygen conceatrations. After input

86
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data is checked, control is transferred to subroutine BANRAD.

BANRAD computes the population of vibrational levels of infrared

active species, including the effects of collisional exciation; absorption of

radiation from the lower atmosphere, sun and molecules radiating at high

P

altitude. The values returned to the main program are volume radiance and

S

o CAAP TR P TPRETRY YT T TP NI PRI Y

unit optical thickness at each altitude for each band included in the computation.

The first step in the computation is deterrnination of the thermal
equilibrium populations of vibrational levels. This is performed in the DO

range ending with statement 130. Each passage through this DO range computes

R A B S N R R WY T T .m:}i:zx}:w&}mmmmmmm

populations for one altitude. Within this DO range are two others. The DO

: range ending with statement 110 computes the vibrational population of each level

2 relative to the ground vibrational level, using the energies {(wavenumber) stored %
in WAVE and the statistical weights stored in the ten's places in 1L.SC. The relative g
populations are stored temporarily in real array VIZPOP. The sum of relative %
‘ populations is stored in SUM. The final ground state population is then computed §
, ; by dividing total concentration by SUM, and stored in real array GNDSTE. The ;s%
' : DO range ending with statement 120 then computes the vibrational population of ;;.
£ each level by multiplying total concentration by relztive configuration divided by ;ff
| SUM. :
& &
‘ The DO range ending with statement 135 selects the vibrational level %
which is coupled with the first excited nitrogen vibrationral level. 'é
3 ki
The DO range ending with statement 160 computes the rate at which a é
:E single molecule in a given level is excited or de-excited by collisions at each z:}
‘ altitude. %
¢ The ot er DO range ending with statement 180 computes wavelengths 3;
1 (BNDLAM), Einstein A coefficients {EA), G factors for absorption of radiation %
§ E from the sun (GDOWN) and from the earth arnd lower atmosphere (GUP) and the §
: f‘;
& 87 §
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G factor used in computing radiative transfer within the upper atmosphere
{GFAC). The inner DO range ending with statement 180 comboutes the unit
optical thicknesses for each band at each altitude using function TAUMAX,
and stores. the result in array BNDTAU. In addition, it computes the volume
radiances and stores them in array BNDRAD. Further computation is then

performed iteratively in the DO range ending with statement 400.

The DO range ending with statement 190 computes various integrated
optical thicknesses for each band. The DO range ending with statement 182
computes the total optical thickness between each two altitudes in the vertical
direction and stores the values in array TTH. The DO range ending with
: statement 184 (1) computes the total optical thickness between the base altitude
and each other altitude, storing the result in array TTU? and {2) computes

the total optical thickness between the top altitude and each other altitude,

storing the results in array TTDOWN. If the computation is not for daytime
conditions, the DO range ending with statement 186 sets the values in TTDOWN

equal to 0.0, for efficiency in the later computations.

T s e T bt e

Computation of vibrational populations is done separately for each
species. Control is transferred to statement 220 for COZ’ statement 230

for HZO’ statement 240 for NO, statement 250 for NZO or statement 230

for 03. The DO range following e~ch of these statements is used to compute

vibrational populations. After each set of vibrationai populaticas is completed,

AN MO TP,

new values of volume band radisnces are computed in the nested DO ranges
ending with statement 360. Following three iterations, vibrational populations
are written to an output file for use by program SPCTRA and contrel is returned

to the main program.

BANRAD returns volume emission radiance values in array RAD and

e A s S ST A s A P St e s m;mmmmwmmm‘.-‘wmvm!(a;xmwmmm.mnn.m»x»nmm:awmwa&mmmmrmmwem&"wm;ﬁmmmmmmmwm

local optical thickness values in array TAU. For each band, line of sight

d'k

band radiances are computed in the DO range ending with statement 840. Then

3
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trapezoidal rule integi-ation is performed to determine the radiance arising
along each of the eight lines of sight, including the modification necessary
forthé effects of optical thickness aiong the line of sight. The DO range ending
with statement 839 controls the integration for eacl tangent Leight and endo-
atmospheric viewing level. Radiaace values are computed at 5 km intervals
of tangent height up to-150 km and at 25 km intervals above this level. The

integration of radiance values is performed for each endoatmgspheric viewing

level in the DO range ending with statement 810. The integration begins at

, the viewing altii:ude.z At each ﬁoint on the line of sight, the contribution of the

ERR SR

16cal volume emission rate to that received at the viewing point is computed

TR
LA

o X Yo

by subroutine SM1 which takes into account the effects of optical thickness between

the emitting point and the viewing point. The equivalent integration for the limb

e QI
ZPR AT D

viewing case is .performed in the DOranges ending with statements 815 and 818.

%

o
Hin e

Upon comgletion- of the integration for each tangent height and endoatmospheric

AT

rpat

.viewing level, band radiances for that level are both printed and written to the

A
4 \'
ot

=

3 output file used by BANRAD, for input to SPCTRA. %
I”, i Program SPCTRA computés the spectral radiances between 5 and 254m f*;,‘;
correspondi;lg to tHe band radiances computed byy BCKGND. The input data to %

' , " SPCTRA are the molecular vibrational level and band data also used by BCKGND, E
. : th(la vibrational population and band rad.iance data generated by BCKGND, and %
A individual l.ine dgta-for the water vapor rotational lines and \)3 band and the %
,“ ozone _\’3 and Vl bandsl. The later data was obtained from R. A. McClatchey ‘%
i through the coniract monitor. :

’ When program CXéCUtiOD begins, values are assigned to the integer :g
Z , variables NOUT, NLN and NALT and the subroutine ROTATE, which reads in E
, data for the im,iiviiiual lines, is: ca}led. The outer DO range ending with statement E
:& 500 is entered. The DO parameters are fixed at present to produce two sets of é
, swectra, using night and day input from program BCKGND. The program may be R ;

2 - 3
| 89
g < 1

s,



made more flexible by reading in DO parameters prior to execution of the DO

statement. The variable BLAM is set to 5.0 and the outer DO range ending with
statement 105 is entered. The effect of the first two statements is to set up a
table of wax'relengths at 0.1 4um intervals between 5 amd 25 Lum in real array
AVLAM. These are the wavelengths at which spectral radiances are printed
out. Again, more flexibility may be achieved by making the intervals and
spacing dependent on values read in. If this is done, correspounding changes
must be made in subroutine FILTER. The inner DO range ending with statement
105 sets the values of output spectral radiances equal to zero. Temperatures

are set in the DO range ending with statement 110.

Next, the number of molecular species is read in and stored in integer
variable NSPTOT. The outer DO range ending with statement 400 is entered
and executed NSPTOT times. Within this DO range, molecular vibrational level
and band data and vibrational population data are read in and mean temperatures
and total number of molecules per unit area in the vertical and horizontal
directions are computed for each vibrational s*zte. Total band radiances
corresponding to limb viewing and vertical and horizontal endoatmospheric
viewing are read in. Relative line radiances are computed and normalized to
the total kand radiances. The spectra corresponding to the normalized line
radiances are computed and stored in arrays SPECA, SPECB and SPECC. Details

of thes computations are given below.

The code number of the species ISP is read in. The number of vibrational
levels NLEVEL, the number of bands NBAND and the molecular weight RM are
read in. In the DO range ending with statement 210, the level description codes
1.SC and LCC, the energy and the mean rotational constant for each vibrational
level are read in. In the DO range ending with statement 220 the band description
codes LBC and LLBU and the band strength for each band are read in. The number

of altitudes NALT for which vibrational populations are computed for the species
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and the number of altitudes NRLEV for which band radiances are computed
by BCKGND are read in. Vibrational level populations are read in and stored
in array CON.

The mean temperatures and total number of molecules per square
centimeter in the vertical and horizontal directions at 5 km intervals between
60 and 115 km are determined in the DO range ending with statement 129. The
product of temperature and vibrational level population is computed in the CO
range ending with statement 112. The integrals of total number of molecules
and the product of temperature and number deansity in the vertical direction are
computed in the DO range ending with statement 120. Simpson's rule integration
is used. The total number of molecules in a given vibrational level above a given
altitude is stored in array COLCNT. The corresponding mean temperatures,
obtained by dividing the integral of the product of temperature and number
density by the intergral of number density, are stored in array AVTEMP.

£fter exit from DO range, the column counts and temperatures are printed out.

The DO range ending with statement 128 performs a ¢~ 'ar computation
for column counts and mean temperature s in the horizonial direction. The
integrations required are performed in function QINT. Upon exit from this DO
range, column counts stored in array HORCNT and mean temperatures stored

in array BVTEMP are printed out.

The inner DO range ending with statement 400 is now entered and executed

for each band. This DO range controls the computation of the spectra.

The altitude HT, the limb band radiance RADC, and endoatmospheric
radiances RADA (upward direction) and RADB (horizontal direc tion) are read
in the DO range ending with statement 230. Band information is computed
from band and level constants. A test is made on the species code ISP to

determine whether the molecule is linear or nonlinear.
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Following the test of ISP', if the m.olecule is: linear, line pos{ﬁons are
computed in subroutine ROTPOS. The DO range ending 'with statement 250
l is entered and executed for each of the twelve altitudee for:'whicb sp!ectra are .
computed. Line radiances are computed in subroutine ROTSTR for vertical
endoatmospheric v1ew1ng. Successive calls to subl-outine FILTER compute

)

the spectral contrlbutlons from lines in tae P, Q and R branches. The

sequence of calls to ROTSTR and FILTER is repeated for endoatmospheric'

viewing in the horizontel direct:ion' and for limb viewing. Uporn exit from t:}lis E

DO range. control is transferred to statement 280. L . . ‘ ; .
If the test on ISP determines that -the molecule is non-linear (watei'_

vapor or ozone) control is transferred tp s:,atement 260 and the DO range

ending with statement 270 is executed for each of the altitudes for which spectra

are computed. ¥For water vapor spectra are' generated from thc pure rotational

line radiances by calles to subroutine WATS'I:R and FILTER and for the 6. 3;Z.m

band by calls toc WATSTR and FIL'I:ER, for. each of the th'ree viewing cordiﬁons.

For ozone, spectra *n the 9.1 and.9. 6/1.11'1 bands are also generated by calls

to WATSTR and FILT ER.,

t

Following the final execution of the DO ranges ending with statement

400, the spectra are printed out in the order endoatmospheric viewing in the 3
upward direction, endoatmospheric viewing in the horizontal direction and - ! ;‘g
i 2

limb viewing. KEach of these sets is printed on four pages, successive pages .

E covering 5-10 gum, 10- lS,a,m 15-20 4um and .20~ 25,axn The first column

on each page contains wavelengths and successwe columns contain radiance
values at altitudes or tangent heights 60, 6.:, 0, ... km. The data in i
arrays AVLAM, SPECA, SPECB and SPECC are written to a binary file,

either for immediate use by the plotting program or for transfer to magnetic T
. L}

SRR

tape for iater use.
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!C. Plotting Program

The plotting program, TRYCRT, is designed to read the binary
output tape produced by the spectral radiance prograrr;, SPCTRA It consists
of the mam program, TRYCRT, and six subroutines, LINSCA LOGSCA, LINAXS,

LOGAXS GRID and NULINE. In addition, it uses the AFCRL/ CDC 6600 system

. subroutines which are needed to produce microfilm plots. The version listed
in the Appendix is set up to piot three sets of radiances, assuming that the
SPCTRA ouéput tape contains two sets of data, "with vertical and horizontal
endoatxndspheric radiances and limb'radiang_e data in each set. Thi‘s program
furthel-{assumes that there are 12 different altitude profiles in each data set.

Graphic output is written on tape 39 and microfilm is produced from this. The

microfilm must then be reproduced on paper.

The progrem places the date of the.run in the fir.st work of array IDENT,
whieh is plotted with each graph, The other 2 words of the array contain the
user pame and project number, stored by a dat: statement. The x-axis length,
SX, is set to 9 inches and th:e v-axis length, SY,-'is set to 14 inches. The CDC
6600 subroutines are initialized by calls to subroutines CRTPLT «#+ ¥LOT.

Tue number of graphs to _be plotted, NCASES, number of cha(racters,. NXL, in
x-axis captioo, k-axis ca-ption, XBCD, number of charactere, NY_L, in y-::xxis
‘eaption, and y-axis caption, YBCD, are read in from cards and p'rinted on the
line printer. ‘:I‘he DO loop ending with statement 400 is thed executed for each =.
graph -to be produced. Minimum wavelength, WVMIN, and maximum wavelength,
WVMAX, a;'e read. Plotting constants INF, NX and N’f_are computed. Wave-
lengths are read from the SPCTRA oﬁtput tape.(chatmel 2)-and's‘tc'sred in array
AVLAM'. An appropriate subsget is then stored in array X. These are then:
scaled by subroutine I:.INSCA. Radiance data are then read fr.om channel 2 and
stored in arrac SPCTRA. An appropriate subset is selected and stored in-array
Y.. Values in Y are scaled for plotting by a call to subroutine LOGSCA. Line
intensity is set to 16 by a call to sub?outine STBEAM. Axes are drawn on all
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to subroutine GRID place vertical and horizontal grid lines on the graph. £

Radiancc values are further scaled in the DO loop ending with statement 150. %
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Radiance values are placed on the graph by calls to subroutine NULINE in

the loop ending with statement 200. Line intensities for each curve procuced
in this loop are set by calls to STBEAM and use values stored in array JBEAM
- through a data statement. Atter each set of curves on a graph is produced,

a calle to subroutine FRAME piepares for a new graph. The DO loop ending
with statement 250 is repeated three times, the first and second cycles plotting
vertical and horizontal endoatmospheric radiances while the third plots limb
viewing radiances. When only limb viewing radiances are desired, statement
250 should be placed immediately after the statement *read (2) SPCTRA"

on line TCRT 540.

Subroutines LINSCA and LOGSCA were written to provide automatic

scaling of data points in a manner which would utilize maximum space on the

. graph. In addition fo scaling data points, these subroutines generate values

= : KONX, DX, MINY and MAXY which provide data which is used in the axis

' drawing subroutines LINAXS and LOGAXS and the grid drawing subroutine

4 GR1D. The subroutine NULINE was written to replace the standard AFCRL/CDC
= 6600 subroutine LINE which draws straight lines between plots. NULINE

permits points to be plotted a limited distance outside the graph boundaries

if the data for a graph covers more than 9 orders of magnitude.

94

=S
A A e T

T LT C ot =2, wees

ot




REP LRIy SRR LRI i A SR T D SR B e T e v s o R S R G 5 ey R S A B R A~ A T VIR TG e R G
BRI — . . %r
\ 2 z
€ : g
: P35
: FR
%
3 SECTION V

LSRRI

RESULTS AND DISCUSSION

Representative limb viewing radiance profiles are shown in
Figures V-1 through V-5. These profiles result from the use of the

nitric oxide, water vapor, ozone and carbon dioxide concentrations cf

ARG A AN AL AT E N AR R AR IR i RN

Figures II-1 to II-4 and an assumed nitrous oxide volume mixing ratio of
5x 10-7 in the upper stratosphere (Keneshea 1967). The model atmosphere
for the computations, used primarily for the temperature and total density
profiles, is taken from the U. S. Standard Atmosphere Supplements, 1966
and uses the 30° latitude January model below 120 km and the Spring/Fall
model with exospheric temperature 1000 K above 120 km.

The results shown are not qualitatively different from those of
Corbin, et al. (1969). The quantitative differences result primarily from
the use of diffezent molecular abundances. The use of a lower exospheric
temperature has negligible effect because at the higher altitudes where the
temperature is lower, the radiation is determined by absorption of radiaticn
from the lower atmosphere or the sun and temperature dependent collisional
processes play a negligible role. The nitric oxide fundamental band at 5. 3/4.m
ia an exception. because of the excitation by collisions with atomic oxygen.
Even for this molecule, results are not appreciably different during the day.

At night, however, limb radiances at 5.3 um do not fall off as rapidly with

altitude below 200 km. The carbon dioxide bands added do not make an
appreciable difference in the limb radiances because the basic excitation
mechanism for these bands is absorption of sclar or terrestrial radiation in

the weak combination and overtone bands at 5. 18 and 4.82 sum.

e
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The:thrae general areas of investigation in this research are (a) the
chemistry of the uppér atmosphere and its relation to production of infrared
radiatio?, (b) theaphysical mec:hanisms which excite and quench molecular
quantum. levels which can radiate in the infrared, and (c) improvement of models

of the transport of infrared radiation.
LS

The principal results of the current program have been the development
of a program to compute. the abundances of infrared emitting molecular
‘ specieé insofar as knowledge of chemical reaction rates permits, and an
extension of the limb viewing infrared radiance program of Corbin, et al.(1969).
, This work is incomplete, but permits the definition of areas in which future
work will be profitable.
In principle, esi)eci!ally at the higher altitudes considered here, the
chemistry and diffusive rqecfa nisms if properly described should permit the
predicted conc entrations io approach a diurnal steady-state. That is, the

various concentrations should be reattained in every twenty-four hour period.

Likeéwise there should be other steady-state cycie achieved, namely, those

1433
AL e 1 N TR R v R N e SR AN M v e B s A B S DT R m@\-rmm«y..w”,mz,mmm

:varying with the seasons and the l1l-year solar cycle. These latter effects
require, of course, much more elaborate modeling than is provided in the

. present context and must consider variation in the total amount of solar
energy rea;ching the various pbrtions of the earth's atmosphere and the large

scale wind patterns generated by these variable inputs.

It was not possible in the present program to exercise it sufficiently to
allow the diurnal s.te":dg'r state behavior to be investigated over the desired
range of altitudes, species, and uncertain reaction rates. One run through
a Z24-hour c;rcle was performed over a restricted altitude regime to determine
how much the solution varied during a single day from the specified initial
conditioxlzs. A separate run was performed that covered a total of 12-days real
time. These results were not acceptabl.e due to the longer time steps that
were required in the program. The exercise of the code must be continued

to determine the pprmigsible time steps that will allow steady-state to be
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reached within a reasonable machine running time. Investigations must alsc
be made of the effects on this process of the uncertainties in the experimental
reaction-rates.

At altitudes above 100 km, the principal source of error in comguted limb
radiance profiles is the knowledge of molecular abundarces. The individual
lines in the molecular bands are weak enough that the neglect of collision
broadening effects which lead to a Lorentz or similar shape in the wings of
lines are negligible. At lower altitudes, the effects of the line wings will
increase actual radiances, and further work is required to include this effect
in band modeling. The effect of neglecting the far wings of the lines is expected
to be greatest in the carbon dioxide bands, and here the problem is complicated

by the non-Lorentz wing shape. Further work should be done on band modeling.

Measurements of radiation in spectral regions outside the nominal limits
five to twenty-five microns are available and can aid in defining the processes
important in producing radiatior: in that spectral region. The capabilities of
the limb viewing atmospheric radiance model should be expanded to include
the carbon dioxide and water vapor bands at 2.7 micrometers and other known
bands for which sufficient data exists in the spectral range between 2.7 and 25
micrometers. Estimates of global variations of infrared radiation are required
and will require at least a qualitative estimate of the effects of horizontal

transport (winds, global circulation patterns) on chemistry.

Further work suggested may be summarized in the context of the present
problem areas:
Chemistry. The main effort here has been to develop an efficient and
reliable program to integrate the photochemical reaction rate eguations,
including vertical transport by eddy mixing and molecular diffusion, for

atmospheric atoms and molecules which radiate in the infrared. /.t present
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eighteen different neutral atoms and molecules are included. These are
molecular nitrogen, NZ’ which is treated as a background gas with
concentrations determined only by tiansport; two states of atomic nitrogen,
N(4S) and N(ZD); two states of atomic oxygen, O(3P) and O(ID); molecular
oxygen, 02; ozone, 03; the hydroxyl radical, OH; the hydroperoxyl radical,

2
hydrogen, H and Hz; nitric oxide, NO; nitrogen dioxide, NOZ; methane,

T3 e

HOZ; water vapor, HZO; hydrogen peroxide, HZO ; atomic and molecular

AT PR

CH4; carbon dioxide, COZ; and carbon monoxide, CO. In addition, argon

is included to serve as a further check on transport calculations. Running

DI

time is slower than desired, and further development should include a search

Ty
:

= for a more efficient integration scheme, as well as the necessary addition ot
B ionized chemical species. Qualitative estimates of the effects of horizontal

transport on atmospheric chemistry should be made.

2 Excitation Mechanisms. Data on excitation of vibrational levels
of infrared emitting molecules by collision with neutral molecules, ionized
molecules and electrons need to be continually reviewed. Excitation of
vibrational and electronic states of other molecules, particularly nitrogen

and metastable states of atomic and molecular oxygen, which can transfer

i energy to infrared emitting molecules should be included. As relevant new
rates are found, they should be added to the chemistry and radiance computer
= programs.

Radiative Transport Modeling. The addition of new bands requires
further modeling of individual bands. The current method should be improved

and compared with other methods.
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