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1.

ABSTRACT

In a recent paper Charlock , Herman and Zdun kowsk i ( 1976) disagree

I on how best to apply the Radiative Transfer Equation (RTE) in the con-

struction of Elsasser type radiation tables. The two proposed approx-

imate solutions are analyzed and compared against a quasi-exact solu-

1 tion. In frared fl uxes and cool ing ra tes are ca lcu lated for part of

the 6.3 i.im water vapor band for two model atmospheres. It is found

I that the Zdunkowski (Z) approximation yields more accurate downward

I 
fluxes, while the Charlock-Herman (CH) approximation , in general , re-

sul ts in more accurate upward fluxes. For the two model atmospheres

I studied the cooling rates for the Z approximation are usually of

better quality than those due to the CH solution , unless the diver-

I gence of the net flux is ex tremely small.

I
I
I
I
I
I
I
1
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I . INTRODUCTION

The transfer of Infrared Radiation in the earth ’s atmosphere is

of great interest to meteorologists. Over the years different mathe-

matical models have been exploited with varying degrees of success.

All of these are special cases of the fundamental Radiative Transfer

I 
Equation (RTE), whose solution is known in principle. However, there

are many difficulties in their practical application to the atmo-

I sphere . Hence, various approximations are proposed to simplify the

i computation of atmospheric radiative fluxes and attendant cooling

rates.

I In 1966 Zdunkowski , Barth and Lombardo and Zdunkowski (1971),

hereafter referred to as Z, proposed an approximate solution to the

I RTE based upon the original work of Elsasser and Culbertson (1960),

i hereafter referred to as EC. In 1976, Charlock and Herman , hereafter

referred to as CH , claim to have obtained the “correct expression ”

I for infrared radiative transfer and reject Z’s approximation as in-

correct. However, Z (Charlock, Herman , Zdunkowski , 1976) points out

I that their expressions are merely approximations and it is improper ,

a priori , to dismiss one approximation in favor of another.
I “ “>  The purpose of this study is to analyze and compare the atmo-

spheric radiative fluxes and cooling rates resulting from tit~~two

approx ima tions~mentioncd -aboit’~~ As a norm for the comparison , a

I quasi-exact solution is also applied. This is accomplished by using

I 
p_ l~~

I
_ _ _ _ _ _ _ _  -— —~~~~~~ - —. _ _ _ _ _ _



2
I~ 

- 

.4
EC formulation of the generalized absorption coefficient. Calcu-

lations are carried out for two model atmospheres for part of the

6.3 micron water vapor band.

Initially, it was planned to check the quality of the two approx-

imations against measurerfients, but it is believed that the computation-

al type of comparison is more useful and definitive.

It is found that the Z approximation is more accurate for the

downw~ird fluxes and the CH approximation is more accurate for the up-

ward fluxes. For the model atmospheres studied the cooling rate errors

are usually smaller for the Z approximation , unless the divergence of

the net flux is extremely small.

I

I
I



I I .  DATA AND ANALYSIS
I

2.1 Symbols

To guarantee a consistent notation it is useful to first define

the following symbols:

I 
B
~ 

monochromatic hemispheric bla~~ : ody flux at

wavenumber v; a subscript G refers to the ground.

I Z’ ,P,T-T0,P~ height , temperature , pressure ; subscript “o”

refers to standard values.

absorber density .

u = f p
~
dz ’ absorber mass in a vertical col umn of air

[gm cm 2].

I u~ reduced absorber mass.

K
~ 

absorption coefficient.
I L

~
,L0 generalized absorption coefficient; L0 = L~ (T0)

I T = f K
~

(u)du optical pathlength (not to be confused with

transmission function).

I ‘t F v  fl ux transmission function.

I 
F~ downward monochromatic flux.

Ft upward monochromatic flux.

t time .

I
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2.2 The Model Equations

For a plane parallel , horizontally homogeneous , non-scattering

atmosphere an exact solution to the RTE exists . Assuming the

absence of downward radiation at the top of the atmosphere , the solu-

tion to the RTE for downward monochromatic flux (Figure 1) at the

reference level , u0, is given by (See Appendix I)

u u

F
~

(u0 ) = f 8 (u) 
~~~ 

{ T~~(f 
K
~

(u 1 )du 1 )}du ( 1)

I The monochromatic upward flux at the reference level is expressed as

F~(u 0) BV G  TF (f K
~

(u 1 )du1)

I - 8 (u) 
~~~ {TF~
( 1

0 

K (u1 )dui)} 
du (2)

I
Note that the absorption coefficier~t, K~

, is a function of pressure

I and temperature.

I 2.3 The Elsasser Scheme

I 
In order to facilitate flux calculations , EC replace the rapidly

varying absorption coefficient , K
~
, by an empirically determined ,

I more slowly varying, generali zed absorption coefficient , L
~
. While

i K
~ 

varies with pressure and temperature , L
~ 

is assumed to depend only

on temperature (Figure 2). The temperature dependence Is given by

I

-- -. —. ---- ..- 
- - _ _ _- -- ~--
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EC (1960) as

(1 -T) T0log10L = log10L0 - a —--- ~. (v-v) 2 
+ 109 10 T (3)

The quantities L0, v0 and a are given by EC.

In view of the EC approximation , the pressure broadening effect

on the absorption coefficient is included by defining the reduced

absorbing mas s , i.e.,

P(z ’) ( T~ )l/2du* = p
~

(z ’) p T(z ’) dz ’ (4)

Using Equations (3,4) the argument of the transmission function be-

comes

I
z li U

0

I I K~, [P(z ’),T( z ’)] p
~

(z ’) dz ’ = I Ky [P(u 1 ),T(u 1 )] du 1

I ~~
“ 1/2

~ T(z ’)) dz ’f I [T(z ’ ) ]  p
~

(z ’) ~~~ 
/ T0

I
U*

I = f L~,(T (u~)) du~ (5)
u*

I Substituting Equation (5) into Equation (1) and integrating by parts

I 
yields

* *U0 , u
0 

* * *I F4(u*) f Bv(u*) 
~ ~ (i 

L~(u 1 )du1 ) duo du



I
8

I
= B (T( u~ ) )  - B (T( U *=O)) T F (i L ( U l)dUi)0

I 
* *

_________ *

I - f T f L (u* )du~,
du (6)

* F * v io du u

I for the downward flux. Similarly, for the upward fl ux one finds

I
* U*

I 
F~ (u ~) 

~ 
BV G  1~ L~(u~)du~) 

- f * B~ (T (u * ) )  ~L
du

*
UI 

T
F ( ~* 

LV~
U.
~
)dU

~~
) 

du* = B~ (T( U~ ) )
U
0

I

I 
U* d B (T(U * )) u *

+

U0 du F ( 1~ 
L~ (u~)du~ )du*

* *

I
In Equation (7) it is assumed that the temperature of the air directly

I overlying the surface of the earth equals the surface temperature.

I 
Transforming Equations (6,7) In temperature ,

1 
*

F (u ) B~(T( u~))  - B~(T( u *=O)) T
F( j

O L~(U~)dU;)
I 

v o

I 
T(u ~) d B (T(u *)) U

o 
*- 1 

* dT T
F(J  I~(u 1 )du~)dT (8)

T(u zO)

I

~
I
_ _ _ _ _ _ _ _  

_ _ _ _ _

_ 
_ _ _  _ _

_ _ _ _ _ _ _ _ _ _  
_ _ _  _ _ _ _ _ _  ___--
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1 and

T(U *) d B (T(u*))
F
t(u~ ) = B (T(u~ ) )  + 

~f(u~) dT

I T
F(f~ 

L~ (u~)du~)dT (9)

I 
0

Equations (8,9) contain some approx imation but may be considered quasi-
I exact flux solutions. For simplicity , they will be referred to as the

I exact solution hereafter.

I 
2.4 The Chariock-Herman Approximation (CH, 1976)

Equations (8,9) refer only to monochromatic radiation . Fluxes

I requ i red for the wavenum ber interval (v1, v2) are obtained from

I
I 

F~~(u~ ) = f F~(u~) dv ( :0)
“1

I and
V2

I 
F~~(u~) = I F~(u~) dv (11)

“1

The radiation table approach of EC requires that the wavenumber Inte-

gration be carried out once and for all leaving the flux for a given
I

atmospheric path a function of reduced absorbing mass only.

:~
; I Inspection of Equation (5) shows that the argument of the flux
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transmission function is an integral , allowing an infinite variety of

atmospheric paths . Clearly, this type of situation cannot be accom-
I modated by the simple radiation table approach which seeks to repre-

sent fluxes in the U*T_plane . Therefore, EC introduce a measured

fl ux transmission function defined by an expression of the form

I u*

I. T F 1~
° L~ (U~ )dU~ T F

I
= TF,V O ,T(U )) (12)

Euqation (10) assumes that L~ is evaluated at the temperature of the

elemental emitting layer instead of evaluating L
~ 

along the entire

path. This assumption is appropriate only if the temperature varia-

tion alon g the atmospher ic path is very smal l (Sasamo r i , 1968).

I CH (1976) introduce Equation (12) into Equations (8,9,10,11)

and obtain

I F
~H(u

~
) = 

~~ 

dv {B~(T (u~)) = B~ (T(U *~O) TF ~(T 0~ u~)

1 1

T(u~) d Bv(T (u*))I - dT ~F~
1 (T( u *)) [u*_u*])dT (13)

T(u *=O) 0

I and

ft __ 
_ _
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1 
* 

V
2 T(U*) d B (T(u *))

FCH (u o ) = f dv 
~

B
~

( T ( u
~

) )  + 

~(u~) dl

I T F (L~ (T(u * (([u*_u~J )dT ~ (14)

I 2.5 The Approximation by Zdunkowski , Barth and Lombardo (1966)

I Z (C har lock , Herman , Zdunkowski , 1976) looks at the probl em from

a different point of view. If the temperature varies considerably a-

I long the absorption path , Equation (12) may not be a sufficientl y

I 
accurate approach. To account for this temperature variation a

correction term &r should be added , i.e.,

i
*II T

F ( 1~ 
L~(T ( U~))dU~ ) T F ~(T u0-u ]) +

I
T F , (U~_ u* ,T(u *))  + &tF,v (15)

Due to the Infinite mul tlplic 4 cy of absorption paths, it seems Impos-

sible to Incorporate thic ‘~~F,y in the radiation tables. Since an

approximation like Equation (12) must be made in the radiation tabl e

approach , Z uses a partial der ivative in the fundamental transfer

equation, e.g.,
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I
V

2 s~ r * * *F ~u ) I dv~ B~(T( U* ) )  ~~ (L~ (T( U *~~ LU0~U ] du (16)~
V 0

To approximate the temperature variation expand the partial derivative ,

~
TF,v = 

dTF,y - 
aTF,V ~~ (17)

f ~u* du * ~T du *

i 
Substituting Equation (17) into the up and down flux equation results

in an approximate solution , used by Z , et al . (1966), of the form

I

I F~(u~) = f dv~ B (T(u~)) - B~(T(u * O) ) T F (L v (T( u *=O) )U~)
vi

I
T(u ~) d B

~
(T )

I 
- 

c(U~=O) dT T F (L v (T)[u
~

-U
~~

)

I - 

T(u ~) aT F V (T) [U O
_ U ])

~(u *=O) 
B
~

(T) - dl (18)

I and

T(U* ) d B (T)
Fz(u0) = f dv ~B (T(u ~)) + 

‘~(u~) dl T F ~
(T u fl

]) dT
V
i

+ 
T(U * ) 

~~F v (T
~~~~

tbo~ dT~ (19)
(ut) 

B~(T)

I

tU~ - - -.~-- . - . . ——-.
~~~~~~

—
~~~~ 

-,..

~~~~~~~~~~~~~
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Comparing CH and 2 approximate solutions shows

I 
= H~~~ 

- 
~~ 

dv{ 
~~~~* 

B (T) F o 1
~ dT}

I (20)

and

- 

+ 
V

2 T(U * ) aT F(L (T) [u *_ U*])
F2 (u~ ) = FcH (u

~
) + 

~ 
dv{ f * 

B~ (T) 
~T ° dT

(2 1 )

I
2.6 Numerical Treatment

The reduced absorbing mass, u~, is calculated using trapezoidal

I quadrature. To obtain sufficient accuracy , u~ is determined at every

5 m for the nearest 100 meters (m) either side of the reference level

I and at every 25 m for the remainder of the atmosphere.

For each of the solutions (Equations 8,9 ,13,14 ,20,21) to the

1 RTE , the monochromatic upward and downward flux through a reference

level is calculated again using the trapezoidal rule. For flux calcu-

lations the nearest 100 m on eitner side of the reference level is

divided into 25 rn increments, while the remainder of the atmosphere

Is divided into 100 in intervals. Thus , for example, the monochromatic

down flux for the exact case (Equation 8) Is ca lculated in the follow-

I ing manner:

___________________ — -,



¶ ‘4

F~ (u~ ) B
~

(T(u
~

)) - B ( T ( u *=0)) TF (1~0 {~~~+,~ 
L~)(u~~1 - u~)})

I - 

i=O 
TF(i) + ~~ v(1+l ) 

TF(~~÷1)) ~
T
~+, - I~ )

I (22)

I In Equations (2fl,2l) the partial derivative with respect to tempera-

I 
ture is determined , as appropriate , in one of two ways. At the sur-

face of the earth , the top of the atmosphere and at the top of an

I inversion a one-sided derivative approximation is used . For example ,

I 
~
TF * . TF(LV (T.+l )[u O~

u.] - TF (L V (T I )[u O-u~
])

~ r (L (I~ ) [u  -u i ])

I V

I 
(23)

where i and i+l are 10 m apart. Note that the reduced absorber mass

I is held constant while the temperature is allowed to vary . At all

other levels in the atmosphere a centered difference scheme of the

fol lowing form is used :

‘p

______  

T1(L v (T 1~ 1 )[IJ~_I4]) -T 1(LjT~~1 )[U~
_U ’
~])

I r
~+1 - r 1 1

( 24)

The slowly varyin g generali zed absorption coefficient , ~~ is

I tabulated by EC for 40 cm~ increments of the wavenumber spectrum for
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a temperature of 293°K. For other temperatures, L
~ 

is found from

Equa tion ( 3). Since B~ and d B
~

/dT are virtually constant over

= 40 cm~~, they are evaluated at the center of the increment.

Fl uxes are computed as

V
2 N

= I F~,(u~) E F~(u~) Av (25)

The radiative cooling rates are proportional to the divergence

( of the net flux , F~, i.e.,

dF
dt 

- 

PC~ dz — 
~~~~~~~ 

t~z

I 
where p and C~ represent the average density of the air and the

specific heat at constant pressure, respectively, and

= F+ ( z )  - F ’~(z) . (27)

2.7 Properties of Approximations

In this section some qual itative statements are made wh ich

I describe the two approximations. As previously stated , the important

difference between the approximations and the exact solution

I (FEx (u
~
)) Is the manner In which the argument of TF V  is evaluated.

( First, consider the downward flux in the Atmospheric Model I

(FI gure 3). In the exac t case one obta ins

I

~ L 
____ ___--__
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TF( ~
j :0 L

~
(u

~
)du

~
) T F(LV (u~~u* )) (28)

as follows from the mean value theorem . On the other hand , the

approximate solution evaluates -rF V  at the temperature of the elemen-

tal emitting l ayer, i. e., -tF(LV (u ) [ u0-u ]). Since the temperature

decreases with height , it is evident that (Figure 2),

> L(U~) . (29)

Furthermore , TF V  decreases with increasing optical pathlength thus

I 
TF (L V[uO

_ u]) < ~rF (L V (u )[u o_u *J) (30)

I By comparing corresponding terms in the exact and approximate solu-

tions for downward flux one finds from Equation (30) that

I *

I 
B
~
(T(u _0,j r °~~~~~~~~~~ < B (T( u *=O))  T F (L V (T(U 0)

I [u~-O] ) (31)

I and

T(u * ) d B (T(u * ) )  U
0 T(u *)0 V

dT T F C f L (T( u~))du * ) dT < f ~
T ( u *=O) u~ 

‘~ ‘ T (u *=O)

I
I

- - —~~
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d B (T(u * )) 
*V T F(L (T(U ))[U o

_ u ]) dT (32)

Comparing Equations (8,13) it is evident that

F
~x

(u
~
) > F~~(U~) (33)

I for an atmosphere in which temperature decreases with height.

Still considering downward flux , given 12 > T~ it follows (Figure

2) that

I 
TF (Lv(T2)[u~_u*]) - T F V (T l)

~~O UO~~ 
< 0 (34 )

and , therefore,

S.

I ~
T
F

(L (T(u* ))[u*_ u*])
I V 0 35

Hence , from Equations (13,20) it is seen that

F~(u~) > F
~u

(u
~
) (36)

for atmospheres of decreasing temperature with height.

Now consider briefly the upward flux for Atmospheric Model I.

Analogous to the downward flux , it follows for the upward flux , from

Figures 1 , 2 and 3 that

Ti
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Lv (T(u * )) > U (37 )

and

T
F

(L
v
[U*_U~~]) > TF (L v (T( u *) ) [u *_u

o]) (38)

Therefore,

T(U *) d B (1) ut T(U*)
I dT TF (f L

~
(T( u

~
) ) du

~
) dT > IT(u~ ) u~ T(u~)

d B (1)
dT TF(LV (T(U*))[U*_U~]) dT (39)

so that Equations (9,14)

F~x (U* ) > F~~(u~) (40)

Since 
~
TF V /

~
T < 0, as in the downflux analysis , from Equations

(14 ,21) one finds

F
~H

(u
~

) > F~(u~) (41)

for atmospheres with temperature decreasing with height throughout.

Next, consider the downflux in Atmospheric Model II (Figure 3).

Analyzing, as earlier , the exact vs. the approximate case for the

region above the top of the inversion , one finds

I
v~x (u * ) > F~~(u~) (42)

I
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and

F~( u )  > F
~H

(u
~
) (43)

On the other hand, for the upward flux at reference levels below

he top of the inversion , analysis , as earl i er done , shows

> L,~,(T( u~)) (44)

and

T
F V

J . U
0
]) < TF V (T

~~~~~
U _ U

o]) (45)

Also , since now 12 < Tl~ 
it follows that

T F (I2 U - U O ]) > TF ( L ( Tl )[U J) (46)

S

so that

~TF*L (T(u *) ) [ u*_u *])
V ° < 0  (47)

Thus, one finds from Equations (9,14)

F
~x

(u
~
) > F~~(u~ ) (48 )

I
and from Equations (14 ,21)

I
F~(u~) > F

~H
(u
~

) (49)

- I



III. DISCUSSION AND RESULTS

3.1 Atmospheric Models

Two model atmospheres are considered in this study . The first

(i.e., I-Figure 3) is the NACA Standard Atmosphere with an assumed

dewpoint distribution typical of a cloud free atmosphere . The upper

level moisture profile from 7.2 to 12 KM uses a representative frost

point temperature sounding (Craig, 1965). The upper and lower mois-

ture profiles are matched in such a way as to result in a continuous

I function of water vapor density . The total reduced absorber mass of

the atmosphere is approximately 1.2 gm cm 2. The second model atmo-

sphere (i.e., U—Figure 3) is similar to the first, but a moist inver-

sion is introduced in the lowest 500 meters.

3.2 Flux Transmission Function

The spectral region investigated stretches from 1100-1420 cm~
I and contains part of the vibrational -rotational water vapor band and

E the absorption window . In general , the flux transmission function

which consists of two parts is given by

I
TF total = TF,cont. 1F,band (So )

I
T F band is evaluated In terms of the generalized absorption coefficient,

( L
~
: whi le the fl ux transmission function for the continuum Is expressed

In terms of the continuous absorption coefficien t , k ,  I.e.,
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TF con t(kvu
*) = 2E

1 
(k~u*) e~~~

66
~” 

uk 
(51 )

E. is the exponential integral of order 3. It should be noted that13
k
~ 

is multiplied by a factor of ten , as impl i ed by EC (1960).

The flux transmission function for 6.31.1 band is approximated by

a piecewise cubic spl ine interpolant, i.e.,

TF,v(x) = C1~ 
+ Ax(C~ + Ax(C 31 + E~xC41)) (52)

x is the optical pathlength whereas C11 , C2~, C3.~ an d C4.~ are inter-

polant coefficients determined for each interval , i , of data points.

The quality of the fit to EC data is quite good, as verified by

Table 1.

3.3 Infrared Fluxes

Upward , downward and net fluxes for Model Atmosphere I (Figure 3)

are given for selected reference levels for the spectral region

1100-1420 cm~ in Tables 2, 3 and 4. Al so shown in the Tables is the

error , E, of the approximate as measured against the exact solution ,

i.e.,

* *
E ( % )  = 

Fapprox (Uo) - 
FEX (u o) (53)

FEX (u
~

)

( 
Table 2 indicates the upward fl ux is generally more accurate for

the CH than for the Z approximate solution . This is in agreement with

I

_ _ _ _ _

‘—U-— _~- —--—-—,-.-- —---—~ — - _ ______ ________ _______ _ ‘_____
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____________ _ _i 
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Equations (40 ,41). Table 3 verifies , on the other hand , that the Z

approximation yields downward fluxes generally more accurate than the

CH solution . This, again, satisfies the inequalities of Equations

(33,36).

Table 4 shows that the net flux error for the Z approximation

is less than 6% for the selected levels chosen while the CH approxima-

tion yields maximum errors of almost 12%. The CH approximation is ,

however , generally more accurate in the upper l evels where the down-

ward flux is small.

For the Model II Atmosphere , as seen in Ta bl e 5, the CH approxi-

mation , again , leads to smaller upward fl ux errors , yet the maximum
- 

Z error is less than 3.5%. The relatively small Z errors resul t from

more accurate fluxes in the inversion region as qualitatively expected

- 
from Equations (48,49).

I Table 6 shows that, as in the Model I Atmosphere , the Z solution

yields much more accurate downfluxes for Model II. The CH approxi-
- mation produces errors of greater than 10% at all levels shown .

I The net flux calculation for Model II are given in Table 7.

- 
Again , it is evident that the CH approximation ’s accuracy i s best i n

I. the upper levels , while the Z solution is best in the low levels.

I 
Yet, over all l evel s the Z method yields a maximum error of less than

3.5%, whereas the CH method yields a maximum error of less than 15.5%.

I L
I
I

__________________ 
1•-
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3.4 Cooling Rates

Cooling rates are computed in degrees per day for selected layers

of 100 meter thickness. Table 8 indicates the cooling rates for

l ayers centered at the heights shown for Model I. The Z cooling rates

are more accurate , except at the top of the atmosphere where the heat-

ing rate is vanishingly small. Table 9 shows that the accuracy of

the Z cooling rates for Model 11 is better than those of CH , except

at the top and bottom of the atmosphere , where the cool i ng rates are

extremely small. This suggests that the Z approximation yields more

accurate fl ux divergence values except in regions where the divergence

is vanishing ly small , such as at the top of the atmosphere .

I

I
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IV. CONCLUSION

It is apparent that the CM approximation will yield more accura te

upward fl uxes in atmospheres of decreasing temperature with height.

Equally apparent is the fact that the Z approximation produces more

accurate downfluxes in such atmospheres.

I The net flux through reference level s computed by the Z approxi-

mate solution seems to give a smaller error than that by CM . However ,

for the upper l evels of an atmosphere the CM approximation , in general,

yields more accurate net fluxes. If flux divergence or cooling rates

are desired , it appears that the Z approximation gives better accur-

I acy except in regions where the cooling rates are vanishingly small

and likely have no real significance.

I
I
I
I
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A P P E N D I X  A

R ADI AT IVE TRANSF ER E QUA TION

To guarantee a consistent notation , it is useful to fi rst define

the following symbols:

downward intensity at wavenumber v.

upward intensity at wavenumber v.

p cosO, 0 is the zenith angle of the radiation

azimuthal angle of the radiation

downward monochromatic source function

upward monochromatic source function .

A convenient and sufficient starting point is Schwartzschi ld I s

Equation for downward radiation ,

d14’ (T ,p ,q) 4,
dT 

= - I
~~
(TIPI0) + J~~’r ,p,q ) ( 1)

and for upward radiation ,

dl t (’r,p,4 )  +
d’r = + I

~
(T ,P,

~
S) - (2)

A linear differential equation of the form ,

j + P(x )  y(x) + Q(x) = 0 (3)

has the following solution
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P(z)dz / P(z)dz
y(x) = e Ly(x 0 ) - f Q(t) e dtJ (4)

- 
xo ‘- --

1 Thus, from Equations (1 ,2) one finds

I~ (t,p, c~) = I~~(T1,p,~~) exp(- (’r 1
-T)/p) +

l 
J~ ( t , p ,~~) ex p(- (t-T )/ p) ~~ (5)

for upward intensity and

I~ (’r ,p,4 )  = I~ (0,p ,4 ) exp(-r/ p) +

I J~(t,ji,~ j exp(- (’ r-t )/ u) ~~~~ (6)

1’ 0 p

1• for downward intensity where from Figure 4 ,

U0
= f K,~,(u 1)du~ optical pathl ength for the reference

level (7)

= ~ I’~~uj1 tj1 optical path for an arbitrary level (8)

U
= f K (u 1)du 1 total optical path for the atmosphere

V (9)

I I  
_ _ _ _ _ _ __ _ _ _ _ _ _  — ‘~r- —

‘. - -.
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See Figures 1,4. Under the Black Body assumption the infrared inten-

sity is defined by the Plank function

- - -  

i~~p,~ ) B / ~ ( 10)

Therefore, the radiation fluxes, as obtained from the intensity

by angular integration ,

2i~ 1
= f f I,~(’r,p) pdp = 2 f B

~
udP ( 1 1 )

0 0 0

Transforming Equations (5 ,6) using Equations (10,11) yields the

monochromatic fl ux equations. Assuming the radiation at the top of

r the atmosphere is zero , the monochromatic downward flux at a reference

l evel is

T

= 2 f f B~(t~,) exp {- ~- (t - t
~

)} pdp (12)

The monochroma ti c upward flux at the reference level i s

= 2 B
v,G 0 

exp (- (1’~p 
- i’

~~
))  pdp

Tlv 1
+ 2 B

~
(t

~
) f exp {- ~~ (t

~ 
- ‘t

~~
) } iidu (13)

Differentiating Equation (8) with respect to the upper limi t y ie lds

dt = K
~

( u )  du (14)

I

H’  
_ _ _ _  

_ _ _ _-- 
‘— -. -~~ -- —-- — — —‘ —~~~---——---- -- -
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Also ,

U0 U U0
- t\) = I K

~
(u i )dui - f K,~,(u 1 )du1 = f K

’.,,
(u~)du~ (15)

Substituting Equations (14,15) into Equations (12,13) gives, for

the downward flux at a reference l evel ,

U U

F~(u 0) = 2 
0
1
0 

B
~

(u )  f ex p { - 
~ 

f K
~

(u 1 )du1 } duK~
(u)du

(16)

and for the upward flux ,

1 1 U
F~t u 0 ) = 2BV G  

~ 
exp (- 

~ u0
’
~ 

K
~

(u i )dui } duK
~

( u ) du

U 1
+ 2 f B

~
(u) 

~ 
exp {- 

~ 
f K

~
(u i )du1 } dPK~

(u)du

(17)

It is advantageous at this point to eliminate the integration 
. 

-

over p.  Recal l

1/p = sec 0 ~ then d~ = sec 0 tanO do and dp = - sin 0 do.

Let

x = f K(u 1 )du1 (18)
U

Then

I
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1 ~o n/2
2 f exp { - ~~- f K

~
(u i )dui } dp = 2 f exp C- seco

0 U 0

U0f K~,(u 1 )du~) sinO do 2 f exp(-x~) 
4~~ . (19)

u 1

Introducing the exponential integral ,

E. (x) = f exp(-x ) ~~~~~ (20)

produces

1 U
0

2 exp C- 
~

- f K
~

(u i )dui } pdp = 2E
1 ( 

f K
~

(ui)du 1 ) (21 )

The derivative of the exponential integral is defined as

dE
~ 

(x )
.- E . (x) (22)

Thus it is evident that

dE1 (x)
- E1 (x) d~ 

~~~~~ (2 3)

But

= 1/(~~~) = l/(~~ f K.~,(u 1)du1) = - K
~

(u ) (24)

I
Substituting Equation (24) into Equation (23) and rearranging yields

I

I
_ _ _ _ _  - : . - . ~~~~~~~~~~~~~~~ - --- -
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dE. (x)
- 

1
3

K (u) E. (x) — (25)U 12

Now as is customary define the flux transmission function

T
E 

= 2E1 (x) (26)
‘V

From Equations (21 ,25,26) and Equations (16,17) one finds for

the downward flux at a reference level

d0
F~(u 0 ) = I B~(u) 

~~
‘
~~
‘ CT

F V
( I K

~
(u1 )du 1 )} du (27)

0 U

Similarly, for the upward direction at a reference level ,

U
Ft (u ) = B ( f  K

~
(u 1 )du 1 ) —v o v ,G F,’~ U0

U Uf B (u)  d
~~ ~~~~~ 

C’r~,.’.,(f  K
~

(u i)du i)
~

du (28)
U0

I

I
F

I



BEST MA11AB1~E COPY
APPENDIX B

LISTINGS OF COMPUTER PROGRAMS

Spline Interpolant Program

1. u 4 ~ u S& ~-~~ XI ( 5 O ) , C ( 4 . S 0 I . X L 9 7 ) . T ( 1 9 7 ) , N P ( ,.,1(~4 ) . A 2 ( 5 ) ,A .3 (~~)
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d ATA ~~~~~~~~~~~~~~~~~~~~~~ FX ‘/

5.
t~~A1.~ C 5 , 5 O 0 I ~.1

7. sOU F4..14J-A T (1 2)
RL.’ .C(5 .5Gj~ ( X X I I I  • C c l . Z i  • Z ~~L.N1I
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11.

12* C( .1.I~1)~~c ( j . N 1 — 2 ) . I X j ( I - i i ) — X I ( t 4 1 _ 1 ) ( / ( ( X I ( r 1 j — 2 ) — X I I N 1—j ) ) s ( X I ( N 1 . 2 )
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I,’..

1 ( X 1 C 1 I — X I ( I I L — ~~) .tXI (N1)—X1(N I ~~1)) )
16.
17. Ct .LL SPL 1NE( ;~ , X Z , C )

CIILL CMLCC F (~( . , , I ,C )
I )9. ~ 0) F0~ ?~ .T ( 2 S 5.2)

23. A~~A X ( l )
I 

~,u 10 ,~:~~,1 97
22. X3 LI:X

I 
13. 

~X~ PCUD Z C ( X , I 4 . X I , C )
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- 15. ~R , T C ( b . b o u )  . . J .X . F X
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Spline Program (continued)

1* ~Uu40UT 1N( SP’ L P E( h , X I , C )
2. j I M L S I ( t ~ X I t 5 0 , C ( ’ 4 . 5 Q I , 0 ( S 0 ) . O I A 0 I ~~0I
3, L~D.1~ O I A G U ) , O ( t ) / 1 . . O .  /
II. I~P1:N.i

DU 10 1 2,hP1
(M( ~~*~ Y - i ) — X L ( — 1 )

7. 10 UIA ~~( M ( z c C ( 1 , M ) _ C ( 1 , l . - . 1 ) ) / 1 ) t M )
0* Id.) 20 i’.:�.r~Cs C ( 2 , . 1 I i . . ( 1 , ( ) 1 ) . U I A G ( M + 1 ) + 0 ( ’ 4 + 1 J * 0~~, G ( 4 - I P

10* 20 ( jX s U4I~~2. . ( 4~~~L.(M,1 3 I
Li. 06.5 30 )z 2 . N
12. M t i l / D 1 A 0 ~~. — l )

UIA C,(MI ~D IAU ( M) +U.U ( 4 — 1 )
L IS 3~ C (2,:.I )~~C ( 2, 41 +i.C (2 ,4— i)
15. N,J~ t P i
,Lb. DO ‘40 ~~~~~
17.
Lbs ‘40 C (~~, ,4J )~~( C ( 2 , N ’ . s ) — O ( F~J ) s C ( 2 . ~

(J + 1)  ) / O IA G ( t4 . J l
19.
~Qs

1. SUb HOUrI ( ,E Cs L C C F U . . X ~~.C)
) I 6 E t ~SL O N  XI(5t ~).C~ ’..bQ)

3. (jO 10 L i.i~
‘.5 OX~~X L ( I , 1 ) - ,( I U s
5. D !V X F 1~~~ ( C ( 1 . X . 1 ,— C C i . I )  I/ O .’
6. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
7* C ( 3 , L ) ~~~O I V C p 1 — C 2 , I ) — ~~z V D F 3 , / D X
8* 10 C 5 ’ 4 , I I~~OIV u F3/Ux /0A
9. k(T UHU

10. £N’.)

1* fU~.CTIv (  PC Uo IC IXOA R . N , X I  .C )
2* 0 1~ E NSXU N X I ( 5 0 ) . C ( ’ 4 .53)
3. ( jA IA I /u
As
5. If ( DXI  13 .30,20

ID IF ( X .~ O .1) 60 TO 30
7. I~~I—i
05
9. IF ( X 4  j O , S 9 . 3 O

10. 19 1:1+1
11. UX~ i.j DX
12. 20 14 (,~.L.G .N) Gj  TO 3Q
13.
ill s IF  ~)OX) 30, 19 ,19
15. 30 P C U U ( CZ C ( i . I ) . , s ( C ( 2 , I ) , D X . ( C ( 3 , I ) + O X 5 C ( ’ 4 , I ) ) ,
16. H~~t s.,. nr4
17. £ 4 0

I

- F

I ’

______________________________
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Flux Program ~~ h del II

1’ O I- ’ 5~~,SI~~rj p ( c Q 5 J ) , 1 ~~ ( 9 0 O I  .XI(SO) .C (4.50).GLZ (900)
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BEST AVAILABLE CC7Y
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855 IF (’~r~.1 T .Q )  )JiT1~~Q .
86* I f ( M O. I . T . 0 )  GO TO 10”
87. T S : T Z ( 1 )
88’
89’ IF V . G T . ) 2 f l O . )  (ON:)) .
90’ T H C L I I I : E X P ( — 1 6 . 6 4 C f l ! 4 4 1 ) O )
91’ 1l5 x~ C c ur- (C ( I II. . 5 )  * 144 (0?)
92. [U s i : - )  I II U ,V  —- j i IA  ( T i  C l )  • V )  *1?’
93’ OL I: c . L ( 1 6 . V . G L O
914 5 Q: j) ) A I ? O , V )

I
I

T I
_ _ _ _ _ _  - — - -
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BEST AVAIIXIE

95’  01:~l i T o ( I 2 ( I  ) , V )

W R I i S ( I ~ .~~7 I ) I I r O , c .L1, I r ) .U1.0FE3

~..?0 F(, l - - :[l~~ ( ( I~ - . R , )
99’ e n ’. F O 4 ’ A T ( i X . ) ) [ i b . 8 ) )

OF IC :0.
i 0 i ~ D F Z :0 .
102’  0 7 : 1 2 ( 1 )
t o ! . .  I F ( ? - ~D. r :~ . 0 )  GO TI) 112
10.4.
105’ 002:00)12.1/ )
100’ ,/P:~i l 1 0 1  ‘2 . ’.! )
107. 3 T R 2 ~~j ) 1  I ) 7 . U 0 . l~ . ? 0 ? , V . G L O . Z t L . C O N
106’ GO TO 103
109’ 21 2 90 100 L: 1 ,~’p
11O• J:J+’4
111’  2D t:202—jQn.
112’ Ti:TZL I)
113’ U1 : u O — U (J )
11’4 ’ ! F C F . G T . i )  GO TO 105
115. T R ( I : T R x
lit . ’ 0T~~2 :CTP C T ~~,U O . r . 2 ( ~2 ,V . G L 0 . Z R L , c O N )
117’ 0Q2 :D~~(1 2 . j )
116’ S2 : b [ T A I O P , v )
119• 105 ULl:~~~7 ) J ) . / L u ’ 1 Q C t j I )
120’
121 ’
122 ’ 0 i : I I E T A ( T i  .9 )
223 .
12’.’ r • 1. I • 1,) I)  .Q Rj e O R ) )  * ( T i — i  2 )
125’ 0010:71 0 1C.~~I
126’ 107 0 T R i : Ot k ( T I , U ( . r I ,7 ~~t . V . G L 0 . Z P L.COF4 )
127’ OOFZ : .5 . ( Q ’ . L 1 H 2 4 n 1 . O T s - C 1 ) . ( T 1 — T 2 )
120* DFZ :0r2 .Or)F z
129’
130’ , k t 1 S l 6 .~~2~~,J ,oTrr i , r p 1 , 0 r 4 - 7 . r o . z r l 1 . u 1 . GLZ C J) . uL I,c o 0
131’ 696 FOPI-1T(I Y. 13.8( Ei q .8 ) .iX.E12.R)
132’ TR I I :(pt
133. 062:0(31

135’ OT R2 :OTRi
136. 100 (2:11
137. 103 00 101 4 1.5
i3M ’ J:J.14
139’ ZO1:202-20 .
1’4Q* 11:Ij(J)
1.41’  UI U O - U !J )
14 .?. lOb I F ( U I . L E .0 .)  GO 10 102
1’*3. UL :Gt .Z ( J ) , A L O G I O ( U ) )
14*’.. 60 TO 10”
il lS’  102 U11~~—3.P

109 141 O l ( : 5  VI _ 1 6 . 1. ( U 1 I * l 1  I
147’ THI : T)I(C~~ 1.~ - 1 6j IC( iJL 1 .Ul

( 141 1: !  .11 ! • V I
0. • • I r’I2 • 11~ II . 1 1 , . )  * TM! ) ‘C (1—12 )

150’ ~iJ2:J-
151, Of (C:UF ((‘‘ 0



COPY

1 3 2 : 4 F 7 A ) T 1  ‘V )
1 , 4 .  10.4 U1 u 1 :D 1 :)T I . I I i, I I ./ , 1 .V . r I O ./ ; 1 . , !FLAG )
1 ‘)~~ 

7 : 114- 7: .5. ~ ‘ . (  T U ,’ ‘Ui  -1 ,1~ ) ‘ 1 11— 12)
2 ‘;: ‘ t

154 ,.
15 ?~ 14- I J . IT . ’I b” .O. C . I . ’ - i . 4 ’ ’ )  [.1 TO 110
15.4 , 4 l :~~ T~ 1’ - .~ 1 I J. .‘ , ?  • 12.00’s 1’; 1 . r ITR2 .rrc
1 b.4 ’ . 0 ) 1 4  II .~ .O2Ll . Ic .5 ’ s ? . -- 1 . : 2 . c -  I ‘O F?
1: - - ‘ #1.11,  ) r ~ .’,O2 h j. . 2 . 1) • ‘IL 2 ~~ / I ,)) ,T44( • ‘)T R I

V.4 1 rc l r . . G ’ t  ~~-- -: • : ,.I .U l ;— .).-;L/(J—4 )
i o / ’  10 7 4- O R T I A T ) )  ‘‘I 5..l I~~.Li6.S ) I

60 .) F C I : . A T ( 1 4 . I ) . 3 ( ) : 1 N . 8 1 )
1b4 ’  i t s )  T s s l~~:(R)
loS• 02:81

082:001
0142:01)4 1

1,,~~. 12:11
1:5’ 101 202 :751
17u ~ O4- TC :?)Ffl—D0(C
1 7 s • 14 - T Z : 0 F P — D F I C — O F Z

~~~~ C co r-uUlES THE I)P FLUX A T THE FEFEPEFICE LEV EL FOR TIlE CM AND 2 CAcE S
173’ 10 4 J 4 - X C :O .
17~~’ ‘ 4 - 2 :0.
iT s .  IFLAG:2

— 
176’ U F b : ( 3 ET 5 ( T O  .9 )
( 7 , ’ . IF l - U . L T . O )  00 10 205
I 7:’ C ( Q . s ’ U t 1’~. (H( UC’ F LIJX FOR THE LAI’ CR FROM 1.I~ REFERENCE LEV EL TO 100 ‘4 8EL~~W

00 200 M t . ~.
1 , 3 .
i. 1’ / r:l:.’7 1 ? — 2 0 .
162. 11:17(J )
itS!.’ U 1 :U ) J ) — l O

I F ( ’ ~ .G I . t )  GO 10 206
1.411:1 .

1137 ’ 0i2 :DII (T2.V )
1853’ .J2:~~~ TA ( I 2 ,V J

189’ 01)42:0.
190. 206 UL1 :cLZ (J ).A LO GIO(U l )
191’ TR CO )II: FXP)—1 ~,.6.CON*UI)
192. T Rj;114(I: ’d *PCU IjIC )UL I.N)
193. 0€ 4 1 : 0 8 ( T I . V )

OF : . S. C 71142’ Y U i 1 ~~OR 1. TR I) ~( 1 1—12 )
19,. UF IC :IJFIC4S) F
15’,. b1:000A ( T I,1’)
1 5/. 207 OTISI :010) 11,01.4.201 .V .(10,ZRL ,00N )
1’ItS. UU F L : . 5* ( F I 1~ . 0 T R 2 . 8 1 . 0 T H t 2 , ( 1 t — T 2 )
1 5 4 .  UFZ :l )FZ .UUFZ
.10/. JJ? :J— ’4
201 . .u( IL ( f , , 1,:3: )J . ØT f l 1 . 1 R 1, IJ(jFZ, IJF.7O~~.)J1.~~L~~( J).u~~i,(ON
2”?’  II (J . L 1 . ’470. 3~II.J . r, T . ’ 4 8 5 )  GO TO 2 1 !

( ( F  I S • ‘ 07) ..j. sir ic .01)2 . 0(1 1. (12 . (11
2~~5’
.? .- . ..,. IT I I N . 6 0 3 ) . J J 2 . U ( J ) . I J ( J - 4 ) . G LZ ( J— ( 4 )
/ 0 ? .  2 1 1 1 1 4 1 1 : 1 . 4 1

I

I

- - -  
- ‘ -— 

_ _ _ _ _ _ _ _ _

-~



BEST AVAILABLE Cop y 
48

132 131
2 1 0 •  OII42:OTR1
21!’ 12 :11
212’ 200 2(12:101
2 ( 7 ’  c C O 4 P U T E S  THE 01’ 0L UX FOR T l4~ LATER ~~~~~ 100 u bE LOw THE REFFIT (14C( LEV E L TOTU (

2(4’ C SURF AC E
21’)’ Io(’-sj .ro.o) GO TO 205
21.,’ 00 201 u:1.~~U
2 ) 7 ’  Z C 1 : 1 0 2 — t 0 0 .
238’
219’ T1:Tl(.J )

220’ Uj : U ( j l -UO
221’ ULI :Gc.’1 J) ,A LOGI O )U i )
222 ’  Ofll~~:~~~l T ! . V )
22  ~s T : - U V :  ‘ l — ( 6 . 4 ,~~:0’4* U i)
22.’ 1I4 1:T07 -y : I .PC U, I )C( IJ t . t . ’~~
225’ 209 U 4 . ’ .)r1~2 ,T RII ,D131 .TRI ) (1l T2)

22t.’ - 4- IC - 4- IC ’ 4-
22” H l : 1 3 E T A ,~~1 .V)
2 244 • 2 10  0 1-4 i~~1, T 4 t T 1 . U i . ’ ,.2O1 ..~~3L0 .l41~.C0N)

229’ JI)F/;.5 .(~~7 . C T I - 3 ~~’ . 4 1’ 0T R I) ’ ( T 1 I2l
230’ 1)02- 5 •
211’ ,~~I11 (,..b 08lJ .C TR1.t Q~ .UU F’l.UF .?Ot .IJi.GLZC.J ).ULl .CON

I M I I _ T S 4 I
233~ 0132:081
23-.’
2_ s . OTR2 :OTR1
23 . . ’ 12:1 1
2 3~~’ 20!  / 02 : .’ 71
238’ 205 ‘14- r(:- F’J .IJF (C
239’ j V T ,’ :-jF ,. I I O I C +  UFZ
24U ( (5 s P L , T L 5  Ts ’ F Ofl”) I FLUX A T ISlE REFEREN CE LEVEL FOR 14-SE E X A C T  CASE

20.. 11:1
21.2•
2*43’ IF I!’p.LT.O I IIFTE:O .
2~~*4 ’ IF) M L) .L1 .O )  GO TO 303
245’ -JLS:500!0 (’.I”-’Is (.*4D,l1 .7.IFLAG ))

2’46 ’  THCOI ,V :F X P I—15 .6 ’ CO13 ’ UO )
2 ,7’  T I~5 : 1 4 C 5 ’ L .PC U) i IC( lJ ) F . t4 )
2*48 ’  0 F 8 L : H E T A C T O , V l — 4 3 L 1 1 1 1 2 ( 1 ) . V ) * T R E
249’ ,JR1TE (6.60U)U LE. 1I41 .OFBE
250’ OFIE:0.
251• 12 :12 (1)
252 ’ C CO M PUTE S THE OnwO FLUX FOR THE LAYER FROM THE TOP OF THE A TM TO 100 ‘4
253’ C THE RIFERIIICE LEVEL
25.4’ If (MD .NF .0) GO 10 308

• 25’ )’ 1)411 :1 )4 ) :
256’ OB2 :1,5 (12.V)
25!. GO TO 302
2553’ 308 00 300 .4:1.140
2595 12:14.1
2b0.
261’ 11 :1/(K)
262’ lF ( s- ’ .&T .l) GO 10 306

1’ 263’ T H I I : T R (
264• OI, .’:l:,4112 .V )
2t.5’ 30.4

I i
I.

t I

‘
I _____________ 

_ _ _ _ _ _ _ _ _ _ _ _ _
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BEST AVR~t!~FCOPY

2bt,~ 
- U1:UO— U l~~ )

C T i .  V
190 O’ . j - ~~ % ” ) — 1S..6 ’CON’U1)
i s  I:T~~~o’i i .. c:I,sIC CU Lt ‘N)
. I - ) : . ’ , . l r r U ’ . 1 R i i ’ ( S U I ’ T R I ) ’ ( T i — 1 2 )

271 . ‘5 ~~~~~ (I • U 4-
- 7 _ ’ ,: i t E I , - . .6 60 1 K . T I . l , O F E . U L J . U ! . O 1 4 l , O F I E
2 73 ’  1.. I :TP I
274’ 01)2:061
27’) .  300 T2:Tj
2 7. . ’ 302 I F L A O : 3
2 7 7 .  C COM p uT I~~ T . r  (11~,II FLUX FOR IH[ LAYER FROM 100 14 ABOVE THE REFERENC E LEVEL
.1114’ C TO TIlL ‘1 4 - 1 1 - 5  5r( LEVEL
279. 00 301 .4:1.5

2 5 3 0 ’  K:K.4
281’ 11:11 (K)
282’ M2:’4,l

~~i~ UO—U C K
25314’ 307 If ( 4 - 12 . L F . 5 )  60 10 309
285’ UL I :-3.8
29’.’ 01:0.
2537. (.0 10 3155
2 A 4 .  309 ULI :ALOG IO(SuM ()c .Mo ,M ,M 2 . IFLAG ))
2e1. 305 OBI:O8CI1 .V
2U .. 1RCOl, I :.~~I I — 1 6 .b* CO N* U 1 )
251’ T )-SI :Tp COMI ‘PCU13IC (ULI .4)
292- 2F1 :.5s)082 .TRII4O8I STRI )s (Ti—T 2 )

OF IL:  O~ IC ‘ rIFE
29-. . • t 2 : Y — 4

4I l 1 1 T E) 6 .6 6 ’ 1) K , T R I . 7 F E .U L 1 . U i .D B i~~OFIE
2 5 ’ .. 1F(4s .Lr .’l0~5 .OR .k .GT. 477)GO 10 304

.“I1 [)b .60’)l’..12.C0N .TRI1 .DFIE .OF)3E .OFE

2”’..
.4-411 1 1 6 , 6 0 3 3 4 c K 2 , 1 I . ) J L 1 . T R I

los ’  304 082 :0 141
301’ T R l I ~~ 1R1
302. 301 T2:T1

303’ U4’1(:DFPE— 0F1F1

30.’ C COMPU TES IH( UP FLUX a T  THE PEFEPEISCE LEVEL FOR TIi€ E X A C T  CASE
303 UFI(:O.

30t.. IJF(3E:~~E 1 A ( TO . V )
307 . IF)’;U .LT.O) GO TO ‘403
3 s ’  C COMPUTES THE UPFLUX FOR THE L A Y ER  FROM ‘)4 -

~E REFERENCE LEVEL 10 100 ~ BELOW

309’ 00 “00 u:1.5
31- , .
3 1 1 .  11 : tZ ( Iç )
3i~~. Ui :UCK )—U0
313• IF ( M .GT .i) GO T~ ‘s O ’e

7.411 :1.
315 . 12:1l)k — 4 3 )
316’ 0132 :DR (T2.V )
3)7. 4 2 ,  u11 :ALO (~l0 (SU MU(K .MU .M ,M. IFLA G) I

DH I ’ r . ,  T i  .V )

15. I: I .sC 1’S I. PCll’IIC C UL I. SI )
.321, lifE:.’, , o(143~~.1~511.0.1) . 1 M 1 1 5 ( T 1— T 2 )
1k. - . UFI ’  : , j S j 4  • ‘ H L

I 
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B EST AVAIL . ~ 3 L t - COPY

323.
32.. ,5,IT ( ) C~.860)Y .T1ST .UFE. U L1.Ut ,0fli. UF 1E
.325. 660 4- O I ’ ~A T  ( I X ,  13. ‘.0 i~~. ti)
328’ I F II .1 1.47R .V ’ ,4 . l .  .-~ T . 4~35 I  ~ C) TO 1407
327’ .,R 111 ( 6 . 6 0 7 ) ~ • 14- 1 1 )  • (1 .~~F I I . ,  ( IFrE .05) 1 .u13 2
32’,’ WRI TE ( 6 , f .0 3 ) Y 4(2 ,Ti .UL 1.1P1

3?’~. * 4 0 7  TI( fl:1’UI
33.s . 082:0(11
331. ‘400 12:11
332. I f (F’U .EG.O) GO TO *403
.333. C CO ’ M ’ UT L S  III): UD FLUX FOR TH~ LA YI P  FR OM 100 M BELOW THE REFERENC E LEVEL lo fli E
33’,. C SU HFAC (
335’
.336’ 00 ‘401 ,~:1,.4U

337’
33~~. tj:TZ (’l)
339. ‘406 ULI:A LO r,1 0 (SUMUCK.4- U .M .’. IFLAG ))
3 4 j1  U1 : U I I c )— U0
341’ 0hi:~~8 (T1 .V)
342’ IRCOhI :E *PC— 16 .6’CON’ U i )
343 ’  1)4 I : IS CC MI P C U t j ) C  (Ls L t  ‘ F) )

‘05 UFE :.S’i53 4 ? . I H I I •D e 1 ’ T R X ) • 1 I 1 12)

3.elj’ UF IE:UFIEeI’FE
3148’ ,RIT E (6.66fl )F.TR I.UFE .UL I .)1.DP t .U F IC
3’?. TIII I : T f l I
3453. 082:081

“ a t  T 2 :1 1
‘03 IJFIL : i F1E4I(FGE
“02 ....,IT4 - (6.6O t)

352’ 601 F0R- ’4T (1X.~.X. ’0FTC’ ,I0 X . ’0cTL ’.i OX ,~~’4- T /’ .1OX. ’U F T C ’ .13X. ’UFTE’ .
353’ LI O X . ’UFT Z ’)
3’)4. .4113 (6,600) OF T C . 5 4- T 0- .DFT2.U ~~TC ,UF 1E ,UF1L.GL0 .V .2RL .TO
350.. 800 FO R M A l  (6(1X.Ei’4.9). ’4F8.2)
35..’ 60 10 502
357 ’  999 SloP
35~~’( ,35~~• Fs S C T ! O ? I
363’ 0.4 -91 :0.
3.41. KS ;K2
.3o2’ IF)ZFL *o .09.3) GO 70 6
363* 1 F ( 1 1 . G 0 .M i )  GO To 10
364’ i i  00 2 10:11 .1.1 1
305. 00 3 JS:!.4
366. ~ S:K5.1
301’ A 2 : 1O . ’.’ ( 7 ( K S — L a
3.
~
a.

.3.49, 5:.5 .(A ? .AI) . (U (K S )—U(KS — t ))
37u . SlJM 1 :5I’4-’1.S
.371’ 3 SUM :SUUI
372’  2 CONTINUE
313. 10 J : i
31

~~ ~, oo’~ ~~~~~
~~75’ 8 00 5
.31*,.
3

~~

,.
3l~~. * i:i0.~~.s1I~~~) 4 5 (
31,,. 5:,5.CA2 .At ) • (UCKi.)— U(KS ~- t )

11 
-~~ 

~~~~~~~~~~~~~

--- _ __
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BEST AVPJLABL[Copy

.380.
381’ IF ( .L 1.90~~.C’4-4 .’<?.I,l. ’s~’7) GO TO S
3532’
353’ 650 FON f 4 A T C 1 X . 1 . 3 .o E I S . B )
3534. 5 ¶.o~~:0.s ’ 1- ’1
353’)’ ‘4 CON1 IMUL
335 0’ 9 RETU RN
387’
.368’ FUNCTI O (J S’ U CK3 ,M 3 ,13 .J3, !FLA G )
369’ 5U M2:0.
390. KU :443

If ( I FLA l’3.F’~.4( GO 10 ‘4
392. 00 2 I’i :i,.53

393* 00 3 ..JU:i.’e
39’.. Ku:FlJ— 1
.395’
396’ A2 :jO .’.OLI CK U )
397• S:.5’(A 2 ’ A 1 p ’ ( U ( K u * 1 ) U ( KU ; )
39a’ SU M2:SUP’245
399’ IF(K3 .LT . 47M.OP. ’43 .GT .4P5) GO T O O
‘.00. WRII E (6 ,I,5fllicU ,GL I(KU 41 ) ,GL Z (KU ) ,A2. A 1 ,S,SU 1.12
401’ 650 FOR’4 AT (lX .13 .6(Ei5 .MI )
1402’ .4R ITE(6,655(U (K 11’)).U (KU )
‘.03’ 655 FOR..’A T (IY .2E15 .53 )
‘404’ 3 SUMU: SIIF 2
1435. IF (J3 .EO .5) SUu3:’)uMU
‘SOb’ 2 CO S ,T IPJ IJE
‘407s TEILJE.Sl
41)8’ ‘4 SUM2:SU’ I
‘409’ 00 5 10:1 ,13
‘410’ 00 6 .30:1,4
“11’ ku:KIJ— 1
‘412* A1 :10...CL’( Ku ,l)
413. A2 :1O...OL?(Ku)
41%’
1415’ 5UM2:51592,S
‘41.4’ 6 SUMU:SUI’2
417’ 5 CONTINUE
1418. RETURN
“19’
1420. FUN CTION PCUBIC (XSIAR. N )
421’ 1:1
‘422. IF (X OAR .L 1. — 3.7) pC ifiTIC :1.

i’ 1423. I F (X OA R .LT .— 3 . 7 )  RETUR N
‘4244’ IF (XRAR,GT.I .2) PCU4~!C:7.
425’ 1 F ( X B A R , G T . I . 2 )  RE TU RN
1426’ D x : X B A R — X I C 1 )

IF CDX ) 10’30’2u
1428’ 10 IF (I ,(O .i) GO To 30

“ 29* 1 : 1 — 1
“ 30’ O X : X HA R — X I U )
431. IF so~ 1 0.30 .30
1432’ 19 1:1 .1
“33. DX :01,X
1434. 20 IF 12 .F 1’.ril GO TO 30
1435. 00X :XI IAP— T’lI.u
*3o’ IF CODA ) Ts.19,1 9

I’
,~ I

I;
~1I ~~~~~

— - — - -
~~
--
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BEST AVAILABLE cc-~~

‘*37’ 30 PBI C C ( i . 1  ) ‘ D X ’ ( C ( 2 , I )  4 1 J ! . ( C C 3’ I I ’ O X ’ C ( ’ 4 . I ) ) )
PC UU 1 C: rp i C .  .01

439’ RETURN

FUNCTION .4 140 (2 )

“‘2’ 14- CZ—7200..05.0.) GO TO 1
4 4 3 1  xx : 5 , ?? . 0 9 . ( C i . / 2 7 3 . ) — ( 1 . / T 0 ( Z ) ) ) + A L O G ( 6 . 1 1 )

) : : ( E 4 l IX X )  (.10350.

‘ 4 4j •  R HO :E/( .4’,i .(1O . ’’7.)’T(Z))
R E T U R N

1 Xxx :61 ,7 .5054.( (1,/2 73 .)—(i ./TO (Z)))+A LOG (6.1t)

C: C E rR C XX X I I ‘ 1000.
i4 *4 9~ RHO: E/ (  . 4 5 t, ( 1 0. . .7 . )’ T ( l ) )
‘450’ RETURN
‘45! ’
452’ FUN CTION 1 (Z)
453’ IF (Z—5CiU. . (E.0. ) GO TO 1

T :2 7 7 . + ( 7 . 7 5/ 5 30 .  ( ‘ 2
4 55’ RETURN
‘4 56* 1 1:2538.- .0065.Z

~57* RETURN
458’
45 91 FUNCT ION Toll )

1 f (Z —5 0O . . ’~(,0.) 60 10 1

‘462’ TO :274.4(6.I500. )‘Z
RETURN

1 IF(1 7200..GE .O.) GO 10 2
‘40’4’ 10:279,— ISA . /blOo) .(Z—500 .)
‘SoS’ RETURN

‘466’ 2 T0:1(Z)—15.

‘467’ RETURN
468’
‘*59’ FUSI C 1IOo P f l
‘470’ I F (Z — i 0 76 9 .  .G E . O . )  GO TO 1
‘471’
472’  RETURN
1473’ 1 P :234.52/EAP ((Z—10769. )/6381.6)
147.,. RETURN
1475 .

FUNCTION GL (TT.V .GLO )
‘477* I F (V — 1 5 9 5 . .GT .0 .)  GO 10 1
‘478’  A :2 .4/ (  j O . *.5.)

U ‘.79. Go 70 2
1480’ 1 A:j .75/ (1O..’5. )
‘481’ 2 8:2.22
462’ GL :GLO- .A .(1293 .— T T)/TT).((V—15 95.) ..2 .).ALOGIO (293./TT)
‘*83’ RE TURN

t ‘4 8’s ’
‘*85’ FuNCTIO F B F T A I T T ’ V )
‘ .8.4’ P~ :3. 74 1 1 5 7 6 / ( 1O . . 4 12 . )
1487’ 0:1.14389
14538’ IIETA :CPR ’(V ..3.) )/( IXPCO*V/ IT )—L ,)

( RETURN
‘493*
‘4 9 )’  FIJNC T1O S Dn (T T .V)
‘49 2’ f’), :O. 74)1671,/( 10. ‘.12.)
‘*93’ 0:1.1,389

Ii
I
I

-- ———.‘—-- - -I— — -— -——- - 
- — —- — 

- —-— - - -  -T



BEST AVA 1LABLE - . COPY

494, 013:I ((Pr’’(TT ..l. ) )/ (O** 3 .) ).((~) .V /1t)* .’. .).CXp (fl.V ,T1) I Il I EX ~’ I0.v
495. 1 /TT )—1.).. .)
49o’ RETU RN
‘.97’

Fu~~c 1104- I  flIP (1 T . UZ , N . ?Z ,V ,c ,L O, Z N L .C O N )

500. 1F (S(l. ’3T .0 ) GO 10 1
50)’ .JZ:Z2.-t0 ,
502’ IF(J7.L T .O 1 60 T~ 2
503’ !Z :Z2— 5Y ’ fl .
50 4’  (F (I?.LT.I’1 .AtID.11 .C, 1 .O) 63 10 2

1fIIZ.L ’ .t).SfSD.IZ .&E .— 10 ) GO 1 0 1
SUo ’ 121:22 .115 .
507’ Z13 :iL—i0 .

508’ T l l :T C Z 2 I )
509’ T12 :TT
510’ 113 :1(223)
511’ iF (ijZ.(E.1.) 01.4:0.
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