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ABSTRACT

In a recent paper Charlock, Herman and Zdunkowski (1976) disagree
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-
tion. Infrared fluxes and cooling rates are calculated for part of
the 6.3 um water vapor band for two model atmospheres. It is found
that the Zdunkowski (Z) approximation yields more accurate downward
fluxes, while the Charlock-Herman (CH) approximation, in general, re-
sults in more accurate upward fluxes. For the two model atmospheres
studied the cooling rates for the Z approximation are usually of
better quality than those due to the CH solution, unless the diver-

gence of the net flux is extremely small.
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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.
A1l of these are special cases of the fundamental Radiative Transfer
Equation (RTE), whose solution is known in principle. However, there
are many difficulties in their practical application to the atmo-
sphere. Hence, various approximations are proposed to simplify the
computation of atmospheric radiative fluxes and attendant cooling
rates.

In 1966 Zdunkowski, Barth and Lombardo and Zdunkowski (1971),
hereafter referred to as Z, proposed an approximate solution to the
RTE based upon the original work of Elsasser and Culbertson (1960),
hereafter referred to as EC. In 1976, Charlock and Herman, hereafter
referred to as CH, claim to have obtained the "correct expression"
for infrared radiative transfer and reject Z's approximation as in-
correct. However, Z (Charlock, Herman, Zdunkowski, 1976) points out
that their expressions are merely approximations and it is improper,

a priori, to dismiss one approximation in favor of another.

> The purpose of this study is to analyze and compare the atmo-

spheric radiative fluxes and cooling rates resulting from $he two

approximations,mon%4oned-abov§>» As a norm for the comparison, a

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

\A ’
page
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the 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 p\anngd to check the quality of the two approx-
imations against measuremenis, but it is believed that the computation-
al type of comparison is more useful and definitive.

¢7’It is found that the Z approximation is more accurate for the
downward 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.

N




2.1 Symbols

IT. DATA AND ANALYSIS

To guarantee a consistent notation it is useful to first define

the following symbols:

monochromatic hemispheric black body flux at
wavenumber v; a subscript G refers to the ground.
height, temperature, pressure; subscript "o"
refers to standard values.

absorber density.

absorber mass in a vertical column of air

[gm cm-z].

reduced absorber mass.

absorption coefficient.

)

generalized absorption coefficient; L0 = L\)(To
optical pathlength (not to be confused with
transmission function).

flux transmission function.

downward monochromatic flux.

upward monochromatic flux.

time.




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 f]ux'(Figure 1) at the

reference level, Uy is given by (See Appendix 1)

Yo Yo
F\t(uo) = (f) Bv(u)agJ{TEy({J Kv(u])du1)}du (1)

The monochromatic upward flux at the reference level is expressed as

U
T -~
Fv(uo) = Bv,G TF/< 5 Kv(u])du])

0

£

u
B, (u) %{Tﬁp( £ K\)(u1)du1)} & (2)
0

Note that the absorption coefficient, KV, is a function of pressure

and temperature.
2.3 The Elsasser Scheme

In order to facilitate flux calculations, EC replace the rapidly
varying absorption coefficient, Kv’ by an empirically determined,
more slowly varying, generalized absorption coefficient, Lv’ While
Kv varies with pressure and temperature, Lv is assumed to depend only

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

- ———— 7l

— ——————————— o T ————
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EC (1960) as

" (Tg-T) 2 "o
Tog;oL = Togyoly -a—5— (v-v )" + 1090 T (3)

The quantities Lo‘ ¥ 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 mass, i.e.,

' T, AW7E
dur = pv(z~)?—§:—l (TZ".) dz' (4)

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

comes
" Yo
{ Kv [P(ZI):T(Z')] pv(z') dz' = 6 KV [P(U]),T(U])] du]
" ]/2
g w P(2') To
= L [T(z' i dz'
{ \)[ Z )] pV(z ) Po (T(Z )) z
ug
= £* L,(T(u})) duj (5)

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

*
u u*

0 0
Y o* % d *\  * *
Fv(uo) B c{ Bv(u ) —du* e (lf‘* Lv(u])du] ) du




?g'

*

uo * *
= Bv(T(u;)) - B\)(T(u*=0)) Tf (g Lv(u])du])

*

ug d B (T(u* i
0 du u

for the downward flux. Similarly, for the upward flux one finds

* U*

Lv(u‘;)du;) - L, 80T 4

+, * IU
F'(u) = B T
v'¥o v,G F( s ¢ dé

*
0

TF(il: Lv(u?)du’{) du* = Bv(T(U;))

0

*

U* d B (T(u")) u BV R
R, Nl S TF(UI* Lv(u])du])du (7)

v 8

*
Uy du

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

overlying the surface of the earth equals the surface temperature.

Transforming Equations (6,7) in temperature,

U*
F:(u;) = B,(T(ug)) - B (T(u"=0)) TF( £° Lv(u;)du{)

i WRETY T L
T el CARNC ) LT




9
and
T(U*) d B (T(u*))
Fr) = B (T(u) + —_—
v uo) v( uo) {(u;) dT
u* <
TF(I* Lv(u])du;) dT (9)
)

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

exact solution hereafter.
2.4 The Charlock-Herman Approximation (CH, 1976)

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

required for the wavenumber interval (v]. v2) are obtained from

v
2
¥ .My o ¥/ *
FAv(uo) = f Fv(uo) dv (:0)
v
1
and
e
| L 4, %
FAv(uo) = { Fv(uo) dv (M)

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
atmospheric path a function of reduced absorbing mass only.

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-
modated by the simple radiation table approach which seeks to repre-
sent fluxes in the U*T-plane. Therefore, EC introduce a measured

flux transmission function defined by an expression of the form

*

0
T ﬂ* Lv(u;)du; = Tp {Lv(T(u*))[u;-u*]

TF’v(u;-u*,T(u*)) (12)

Eugation (10) assumes that Lv is evaluated at the temperature of the
elemental emitting layer instead of evaluating Lv along the entire
path. This assumption is appropriate only if the temperature varia-
tion along the atmospheric path is very small (Sasamori, 1968).

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

and obtain
b
FEH(";) = \f) dV{Bv(T(u;)) = Bv(T(u*-O) TF(LV(T(”*"O)) u;)
1
}(“;) d Bu(T(u*)) o
5 T(u*=0) T e TF(L\,(T(U ))[Uoﬂl 1dT (13)
and




n

ba(u) ;2 dv {8 (T(u*)) IT(U*) e
Faglu) = v ul)) + —
CH' o \)] Y (o} T(u;) dT

¢ (Lv(T(u*(([u*—u;])dT (14)

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

Z (Charlock, Herman, Zdunkowski, 1976) looks at the problem from
a different point of view. If the temperature varies considerably a-
long the absorption path, Equation (12) may not be a sufficiently
accurate approach. To account for this temperature variation a

correction term ATF : should be added, i.e.,

u*
0

T ( l{* Lvmu;))du;) (L (T g-u*]) + s

= 1, (ug-u*,T(*) + arp (15)

Due to the infinite multiplic’cy of absorption paths, it seems 1mpo§-
sible to incorporate this ATF.v in the radiation tables. Since an
approximation like Equation (12) must be made in the radiation table
approach, Z uses a partial derivative in the fundamental transfer

equation, e.q.,
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‘2 * aTF * *  * *
v]j do B (T(u*)) 5k (L (T(u*)[u}-u*] du (16)

$, *
Fv(uo)

To approximate the temperature variation expand the partial derivative,

BTF!v S dTF;!, g STF’v T a7
au* du* M gy
Substituting Equation (17) into the up and down flux equation results
in an approximate solution, used by Z, et al. (1966), of the form
ks
¥, * o * e *_ *
Fz(uo) = vf dv Bv(T(uo)) - Bv(T(u =0)) TF(Lv(T(U —0))u°)
1
o) 48T ) ar
- —_— T u--u
T(u*=0) dT FY e 0
T(ug) atp(L,(T)[ug-u*])
w0 KT —T (18)
T(u™=0)
and
v *
2 T(U*) d B (T)
4, * - * SN *_ *
Pt = [ av ’BV(T(uo)) e —a T ML)
v] u.)
{ 0
T(U*") ate(L, (T)[u*-u}])
i 0
+ B.(T) a7 (19)
4(";) \Y aT
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Comparing CH and Z approximate solutions shows

V2 T(u¥) ate (L (T)[u*-u™])

i SR 9 7 R { o g (1) O dT}
0 - ) - el BT =
(20)
and
* T(U™) atc(L (T)[u*-u*])
Ae ey g gk F

Fo(uS) = Foyulug) + {1 dv'{{(u;) B,(T) ¥ = - & }

(21)

2.6 Numerical Treatment

The reduced absorbing mass, u*, is calculated using trapezoidal
quadrature. To obtain sufficient accuracy, u* is determined at every
5 m for the nearest 100 meters (m) either side of the reference level
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
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 m increments, while the remainder of the atmosphere
is divided into 100 m intervals. Thus, for example, the monochromatic
down flux for the exact case (Equation 8) is calculated in the follow-

ing manner:
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iy fiaB d B (541)
gt ‘3(“7Tfill 1) TF(1+1)) (T4~ Ti)$

(22)

In Equations (20,21) the partial derivative with respect to tempera-
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

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

(T:)[ul-ull)

* *
Tp{Ly(Tyaq MDug-u3d - 7L (T Tug-u3

T

BTF % !
j;r‘(Lv(Ti)[Uo-Ui]) = e
jot] i

(23)

where i and i+] are 10 m apart. Note that the reduced absorber mass
is held constant while the temperature is allowed to vary. At all

other levels in the atmosphere a centered difference scheme of the

following form is used:

BTF(Lv(Ti)[u;-uzll f TF(Lv(Ti+])[u;-u?]) - (LT ) (w3 -uiT)
aT PR

i+] i-1

(24)

The slowly varying generalized absorption coefficient, Lv’ is

tabulated by EC for 40 cm'] increments of the wavenumber spectrum for
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a temperature of 293°K. For other temperatures, Lv is found from

Equation (3). Since B, and d Bv/dT are virtually constant over

1

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

Fluxes are computed as

S b RS
Fv(uo) = [ Fv(uo) & I
\)-‘ 1

Fi(u;) Av (25)

The radiative cooling rates are proportional to the divergence

of the net flux, é’,i.e.,

N

§ oo SW s T (26)
dt Pcp dz e Az

where p and Cp represent the average density of the air and the

specific heat at constant pressure, respectively, and
Fy = F'2) - FH(2) . (27)

2.7 Properties of Approximations

In this section some qualitative statements are made which
describe the two approximations. As previously stated, the important
difference between the approximations and the exact solution
(FEx(u;)) is the manner in which the argument of TE.v is evaluated.

First, consider the downward flux in the Atmospheric Model I

(Figure 3). In the exact case one obtains
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Figure 3. Model atmospheres I and II.
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u*
0

el [ L, (u])duy)
u

1"

TF(f (u*-u™)) (28)

as follows from the mean value theorem. On the other hand, the
approximate solution evaluates TF,V at the temperature of the elemen-
tal emitting layer, i.e., TF(Lv(u*)[ug-u*]). Since the temperature
decreases with height, it is evident that (Figure 2),

L, > Lv(u*) ; (29)

Furthermore, L decreases with increasing optical pathlength thus

Te(C,Lug-u™1) < (L (u™) [ug-u™]) (30)

By comparing corresponding terms in the exact and approximate solu-

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

*

u
B (T(w"=0}) ¢ (/ °Ly(T(W)))du}) < B (T(u*=0)) (L (T(u*=0)

[uX-0] ) (31)

and

T(u*) d B (T(u*)) Ug T(u¥)
e Y e ([ L, (T(u}))du}) dT < A
u*

T(u*=0) T(u*=0)
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i d B,(T(u")) L
s, s TF(Lv(T(u ))Lug-u™]) dT (32)

Comparing Equations (8,13) it is evident that

¥ * ¥ *

FEX(uo) > FCH(“o) (33)
for an atmosphere in which temperature decreases with height.

Still considering downward flux, given T2 > T1 it follows (Figure

2) that

-

Te(Ly (Tp) [ug-u™1) = tp(L (T [ug-u3l) < 0 (34)
and, therefore,

8 tp(Ly (T(u*)) [ul-u*])
oT

<0 (35)

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

Fy(uy) > Fey(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
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L (T(u*)) > EQ (37)
and
Te(C,Lu*-03]) > (L (T(u")) [u*-u ) (38)

Therefore,

T(U*) d B,(T) (F* L (T(a*))au’) dT IT(U*)
—_— T u u >

d B_(T) 3
—g7— Tl (T(™))[u*-u}]) dT (39)

so that Equations (9,14)
4 4
Fex(ug) > Foylug) ee)

Since arF v/aT < 0, as in the downflux analysis, from Equations

(14,21) one finds
t t
Fey(ug) > Fz(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

Fix(ug) > Foy(ug) (82)
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and
¥, * v *
FZ(uo) > FCH(uo) (43)

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

he top of the inversion, analysis, as earlier done, shows
e *
LV > Lv(T(u )) (44)
and
o *
te (L Lu*-ug]) < (L (T(u" ) [u™-ug]) (45)

Also, since now T2 < T]. it follows that

tplL, (T lu*-ugd) > (L (Ty)[u*-ug]) (46)
so that

arF*Lv(T(u*))[u*-US])

o7 <0 (47)
;
Thus, one finds from Equations (9,14)
: Feyus) > Féy(ug) (48)
and from Equations (14,21)
4, % %
Fz(uo) > FCH(uo) (49)

o B B
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IIT. 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
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., II-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']

and contains part of the vibrational-rotational water vapor band and
the absorption window. In general, the flux transmission function

which consists of two parts is given by

Tr,total - TF,cont. 'F,band (50)

Te.band is evaluated in terms of the generalized absorption coefficient,
Lv. while the flux transmission function for the continuum is expressed

in terms of the continuous absorption coefficient, kv, Yiles
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PO PRSI
TF,cont(kvu ) = 2!21.3 (kvu ) = e v (51)

Ei is the exponential integral of order 3. It should be noted that
3
K, is multiplied by a factor of ten, as implied by EC (1960).
The flux transmission function for 6.3 uband is approximated by

a piecewise cubic spline interpolant, i.e.,
TF’v(X) = C],i + AX(CZi + Ax(C3i + AxC4i)) (52)

x is the optical pathlength whereas C]i’ C2i’ C3i and 041 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. Also shown in the Tables is the
error, E, of the approximate as measured against the exact solution,

1.8

(r) - ravprox(“o) - Fex(%g)

*
Fex(ug)

(53)

Table 2 indicates the upward flux is generally more accurate for

the CH than for the Z approximate solution. This is in agreement with
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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 levels where the down-
ward flux is small.

For the Model II Atmosphere, as seen in Table 5, the CH approxi-
mation, again, leads to smaller upward flux errors, yet the maximum
Z error is less than 3.5%. The relatively small Z errors result from
more accurate fluxes in the inversion region as qualitatively expected
from Equations (48,49).

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.

The net flux calculation for Model II are given in Table 7.
Again, it is evident that the CH approximation's accuracy is best in
the upper levels, while the Z solution is best in the Tow levels.
Yet, over all levels 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%.
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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
layers 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 II is better than those of CH, except
at the top and bottom of the atmosphere, where the cooling rates are
extremely small. This suggests that the Z approximation yields more
accurate flux divergence values except in regions where the divergence

is vanishingly small, such as at the top of the atmosphere.
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IV. CONCLUSION

It is apparent that the CH approximation will yield more accurate
upward fluxes in atmospheres of decreasing temperature with height.
Equally apparent is the fact that the Z approximation produces more
accurate downfluxes in such atmospheres.

The net flux through reference levels computed by the Z approxi-
mate solution seems to give a smaller error than that by CH. However,
for the upper levels of an atmosphere the CH 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-
acy except in regions where the cooling rates are vanishingly small

and likely have no real significance.
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APPENDIX A

RADIATIVE TRANSFER EQUATION

To guarantee a consistent notation, it is useful to first define

the following symbols:

¢
J
J

< > <

downward intensity at wavenumber v.

upward intensity at wavenumber v.

cos6, 6 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 Schwartzschild's

Equation for downward radiation,

¥
dI (T;Us¢) Z
u __23?_____ 3 I:(T’”’¢) + J:(T,u,¢) (1)

and for upward radiation,

dlz(T’U:¢)
" aT

+ I:(T.u.¢) - Js(r.u,¢) (2)

A linear differential equation of the form,

%f + P(x) y(x) +Q(x} = 0 (3)

has the following solution

B N ——
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[ Pz g [ pl2)ez
yix) = e ° ly(x,) - [ Aty e ° dtl.  (4)
X
0
Thus, from Equations (1,2) one finds
o) = Irqaue) exp(-(1y-1)/m) +
v Tyl v ],Ui 1 H
~
[ 3t ttuse) expl-(t-1)/m) € (5)
T
for upward intensity and
+ ¥
I(tou,0) = 10(0,us4) exp(-t/u) +
T - : dt
I Jv(t’Us‘b) eXP('U'U/H) BT (6)
o u
for downward intensity where from Figure 4,
Yo
. [ Kv(u1)du] = optical pathlength for the reference
)
level (7)
e / Kv(u])du] = optical path for an arbitrary level (8)
U
T, ® [ K (uy)du; = total optical path for the atmosphere
]V 0 v 1 ] (9)
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See Figures 1,4. Under the Black Body assumption the infrared inten-

sity is defined by the Plank function

lv(u'¢) 5 Bv/“ (10)
Therefore, the radiation fluxes, as obtained from the intensity

by angular integration,

en | 1
F(t) = Of J1y(eu) v = 2 [ B ()

0

Transforming Equations (5,6) using Equations (10,11) yields the
monochromatic flux equations. Assuming the radiation at the top of
the atmosphere is zero, the monochromatic downward flux at a reference
level is

v

! 1 dt
[ Bv(tv) exp {- ﬁ'(Tv - t.)} udu (12)
0

4
¥ 2
F\)(T\)) S - of oy

The monochromatic upward flux at the reference level is
r % ! 1
FV(Tv) = 2 B\)’G J’ exp {- - (r]v - Tv)} udu

Tv

1
1 dt
+2 {v B,(t,) J’ exp {- & (t, - 7))} wdu <F (13)

Differentiating Equation (8) with respect to the upper limit yields

dtv . Kv(u) du (14)
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A]SO:

u u

0 u 0
O W g Kv(u])du] - g Kv(u])du] = £ Kv(u])du] (15)

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

the downwardrf1ux at a reference level,

' Yo 1 1 Yo
Fv(uo) = 2 oI Bv(u) J’ exp { - G J’ Kv(u])du]} dqu(u)du
(16)
and for the upward flux,
" ! e
Fv\uo) = ZBV,G [ exp {- 5 / Kv(u1)du1} dqu(u)du
0 u
0
U 1 1 U
+2 { Bv(u) [ exp {- = / Kv(u])du1} dqu(u)du
u 0 u
0 0
(17)

It is advantageous at this point to eliminate the integration

over y. Recall

1/u = sec 6 = £ then d& = sec 6 tan® d6 and du = - sin © do.

Let Uy
X = ‘{ Kv(u])du] (18)

Then




N R e e e

1 v /2

] O
2 [ exp { - = [ K,(uy)duy} du = 2 | exp {- sec®
0 u 0
u
V(i) stne 08 % 0 T mt-ve) B
/ ,(up)duy} sin xp(-xg) =5 .
u 1 g
Introducing the exponential integral,
E. (x) = [ exp(-x)3f
i €
n |
produces
1 1 Yo Uo

The derivative of the exponential integral is defined as

dEi (x)
L o B R)
dx L
Thus it is evident that
dEi (x)
e du
: Eiz(") s - ax
But
Yo
dy . dxy _ d_ 5 v g
an ]/(du) % ]/(du J Kv(u])du]) g Kv(ui

40

(19)

(20)

(21)

(23)

(24)

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

P e s = _
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= 2E, (x) (26)

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

the downward flux at a reference level

F : uo 4 uo
Filo) » 0[ B, (u) HU{TF,\)( uf Kv(u])du])} du (27)

Similarly, for the upward direction at a reference level,

U
Folug) = By,6 Tr,u (J K(up)duy) -
u
(0]
U d u ;
J B,(u) = {TF’V(I K\)(u])du])}du (28)
u0 uO
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BEST AVAILABLE COPY

APPENDIX B

LISTINGS OF COMPUTER PROGRAMS

Spline Interpolant Program

1=
P
Se
“e
S5e
ce
Te
ve
9e
10+
i1=
12+
13=
14
15
16+
17+
184
iy
20e
2ls
22+

23s
24s
25
200
Zis
it
29
Sue
Sl
32
33e
S4e
35

500

501

VIMENSION X1(5000C(4,50) ¢ X30197) oY (L197) NP (1) vl (5),A2(5)0A3(S)
OATA (AL(2)s1=1,9)/' CUBIC SPLINE INTERPOLANT v/
UnTA (A2(1)el=1.5)70 X v/
vATa (A3(1)el=1.5)120 FX v/

P11=197

REAL (5+5001N1

FURLAT(12)

REAC(5¢5011 (XI(I1oCclollel=1,N1)

Clerl)=Cr1ol) e (23X (L) =XI(2)=XT(3))/L(XT(1)=XI(2V)w(XI(1)=XI(3)))
#+C (Lo 2) 8 (XI(L)=XxI(3) )7 (X1 (2)=X](1))&(XT1(2)=-X1(3)))
#vClLlad) (XL (L) =XI(2))/ZCIXT(3)=XTI (L)) e(XT(3)=KI(2)))
ClRitl)=C(1oN1I=2) w (XTUHNL)=XT (H1=1) )/ ((XI(H1=2)=XT(N1=1))®(X](N1=2)
L=XI(RL) )y 4C o1 =L) o (XD INL)=XT(M1=2))/ ((XI(N1=1)=X](N1=2))*
LOXT(HLI=1)=XI(NL)))+C(LoNL) S (2, eXI (1) =XI(N1=2)=XI(til=1))/(

LIXT (NI =XT (b= ) ® (AT (NL)=XI(N1=-1)))

nN=iil=1

CALL SPLINE (iHeX1¢C)

CALL CALCCFI(NJALC)

FORNWT12F5.2)

AZALI(L)

wU 10 u=1,197

X3(Ji=X

FXZPCUBICIXsNeXI»C)
Y(u)zFX
NRAYE(b'bOU) JeXeFX

600 FORNAT(15,F10.5,E20,9)
10 x=x4,025

VO 691 Iz1,0:1
WRITE(74601) C(201)0C(301)0C(%,1)

601 FORFAT(3£15,9)

CAcL luPLoT(l2.,12,)

CALL EZPLOT(X3,YelsliPolelral, a2,A3
CALL FINI i
STop

END




BEST AVAILAB)F (OPY

Spline Program (continued)

1 SUUROUTINE SPLINE(NIXIC)
K UIMLNSICN XT1(50)9C(4%,50)¢D(50),D01AG(50)
e UATA DIAG(L)D(L)/14,0, 7/
Ge NPLzn+l
S« V0 10 m=2,nPl
ot UIM)=XI (M) =X (ia=1)
T 10 DIAG(M)IZ(C(1oM)=C(Lin=1))/0(M)
o ul 20 14=2,N
9e Cl2yM)I=I 2 (LIM)sDIAG(M+1)+D (M1 )*DiAG(M))
10+ 20 DIAGIM)I=2, e (L) +L(Me1))
1l Ou 30 “=2.N
12s G==L (M+1)/D1AG(M-1)
13« DIAG(M)IZDIAG(M) 4620 (M=1)
ivse 30 C(2,M)=C(2,M)+GeC(20=1)
15 NJ=tP1
los V0 40 =24
17« NJ=iu=-1
loe 40 Cl2oNJIZ(CL2eNI=D(hg)sC(2+MU+1))/0IAGINY)
19» KETURN
20 EnC
1 SULRQUTINE CaLCCF(N,xI C)
2w OIMENSION XI(50),C(4,50)
Je U0 10 (=1.w
b OX=XL(I+1)=X1(I)
Ss OIVCFL=(Ct1,141)=C(1,1))/0%
6 UIVUF33C12,1)4C(200i+1)=2.001VOF)
7% CL3, )=(DIVCF1=C(2+1)=LIVDF 3) /DX
8= 10 C(4,1)=0IVOF3/70X/UX
9s KETURN
10s ENV
i FUGCTIUN PCUBIC(ABAR,NosXIsC)
2 DINMENSION XI(50)+C(4,50)
3 UATA 171/
o OXZABAR=XI(])
Se IF (oXx) 10:3G+20
6 10 IF (1.€Q.1) GO TO 30
7+ I=[=1
o OXZXBAR=XTI(1)
9 IF (uX) 10,30,30
10# 19 (=1+4
1l OXzyuXx
12« 20 IF (2.&G,N) GO TO 39
13+ DOX=XBAR=XT(1+41)
14 IF (00Xx) 30+19,19
15« 30 PCULICZC(L1aI)4UXA(C(200)4DX® (CUI01)4DX*C(4,1)))
16« RETURN
17 ED

-

e
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1
2%
3
.
S
o
Al

9
10+
11
12+
13
14»
15
16+
17+
18+
19+
20
21
22+
23s
24e
25«
264
27+
28+
29+
30e
31
32e
33
She
35
3o
37

44

BEST AVAILABLE Copy

Flux Program for Model 11

D1MENSIQN 11(S00)T2(900) v XI(50),C(4,50),GLZ(900)
M=S0
KEAD(SeSN0) (CL2e1)oC(3eT)eCtU,T)eClLoT)eXI(I)T=1sN)

500 FORAAT(S5C15.9)

€

02 READ(S+50N],FHID=999) ZRL.V,GLOCON

S01 FORIATIFOHLNIFS.)rFS.20E12.8)

02=12000+0-2KL
¥p=uzZ/10M.

MOZe'D~1
MUZZRLL/Z100.
VRS AVED S
202=12000.
Z2=202

L=1

u(1)=0.

TZ(1)=T(2D2)
GL2(1)=6L(T2(1),V,GLO)

C COMPUTES U# AT ZACH LEVEL

IF(MC.LT.0) UO=0.
IF(MDLT.0) TO=T(202)
IF(MD.LT.0) GO YO 8
IF(MD.E€.0) GO TO 9
00 1 I=1/MD

D0 2 JU=1r4
L=zL+1
Z1=22-25.

T2(L)1=T(21)
GLZ(L)=6L(TZ2(L),V.GLO)
UUS .5« (PH0(22) ¢ (P(Z2)/71013.)8((293./T(22))#e(,S5))4RHO(Z1)e(P(21)/
11013.)¢((203,/7{211)1%¢(.5)))(22-21)%100.
UtL)r=ylL=1)+UU
22=2)
2 CONTINUE
1 CONTINUE

C COMPUIES uU* For IHTERVAL 100 M ABOVE REFERENCE LEVEL TO 100 M BELOW

22:z2RL+100.
9 D0 3 [=1.5




45

| BEST AVAILABLE COPY

3de 00 & J=1+4
39 Labég
40 21=22-S.
41w TZELYST(ZA)
42e GLZ(L)I=CLITZIL)#V,GLO)
43 UUZ 5o PHOI22) 0 (P(22)71013,)¢((293.7T(22))9s(.S))4RHO(Z1)e(P(Z1)/
44 11013.)¢0(203./T(21))0¢(,5)1))e(22-21)+100.
W5e UtL)=ulL=1)+Vy
4be 22=21
47e 4 COMTINUE
4ge 3 CONTINUF
49s Uozu L)
50+ TOo=TZ(L)
Sle IF(MU.LT.0) GO TO 11
52+ 8 00 7 1=1+5
S3e GO10 J=1+4
S4e tel+g
55¢ 21222-5.
So¢ TZ(LI=T(21
57+ GLZ(L)=GLITZ(L) #VsuLO)
S56¢ UUS S8 (PHO(Z22)%(P(22)/1013.)%((293./T(22))%s(.S))+RHO(Z1)*(P(Z1)/
59« 11013.)¢((293./T(21)11%¢(,5)))*(22-21)#100.
60* uttrzult=11+0y
6l 22221
62+ 10 CONTINUE
bl 7 CONTINUE
o4 € COMPUTES U+ FO9 REMAINING LEVELS DOwN TO THE SURFACE
65 Z2=ZRL-100.
bo* IFIMULEN.O0) GO TO 11
YA 00 S I=1M
68 D0 6 J=1+4
b9 Le=Lel
70+ 21222-25.
T1e T2z (Z1Y
72¢ GLZIL)=CLITZ(L) #V4GLO)
73% UUZ .58 (RHO(22)8(P(22)/71013.)%((293./T(22))%¢( S)I4RHO(Z1Is(P(Z1)/
T4 11013.)9((203,/T(Z1))18%(.5)))*(22-21)%100.
75+ vlL)zytL=-1)1+UU
To* 22=21
T 6 CONTINVE
p T8 S CONTIMUE
79+ C COMPUTES U* AT THE SURFACE(UG)
8ue uG=u (L)
Bl C COMPUTES THE DOwN FLUX AT THE REFERENCE LEVEL FOR CH ANO 2 METHODS
7 B2+ 11 IFLAG=1
} 83 J=1
’ Bue IF{MD.LT.0) DFTC=0.
CEL IF(MD.LT.0) DFTZ2=0.
86w IF(MD.LT.0) GO TOo 104
87« TS5=T12(1)
88 ULZGL (TS VeGLO) $ALOGIN (UO)
B89e IF(V.GT.1200.) CONZO,
90e THCOHZEXP (=16.64CONe0)
gL TRXZPCUPTC (UL o 1l) $TRCOM
92 OFUZRETALTOW)I=0ETA(TZ (1) V) eTRX
93 GLIZGL(TSV,GLO)

Gus COZUETALTOW V)




SR L

| ey

——— .

95
90
97
Gye
99e
100¢
101+
102
103«
104
105+
10oe
107
108
109+«
110+
111
112»
113
114»
115+
llee
117«
118+
119«
120
121
122+«
123+
124+
125¢
1260
127+
128+
129+
130
131
132+
133+
134
135
136+
137«
134
139
140
141e
142
143+
144
145+
lupe
lu7e
luge
149
150
151

620
€04

112

105

107

698

100

103

106

102
109

BEST AVAILABLE COPY

BI=OFTA(TZ(1),V)

YRITE (6 ADU)UL TRX¢DFR
WRITEL6. A2 IU0GLIYRD B3I OFB
FORMAT(S(ELS.81)
FORAT(1X»3(E16.8))

DF1C=0.

OFZ=0.

T2=12(1)

IF(MDJNELO) GO TO 112

TRII=TRX

oB2=08(T2,v)

Y2zuETA(T2,V)
OTR2=DTF(T2,U0rN+202¢ViGLOPZRLCON)
GO TO 103

00 100 M=1,MD

Jz=Jeu

201=202-1010.

Ti=TZ(J)

U1zuo~ytd)

IF(M.GT.1) GO TOo 105

TRIT=TRX
OTR2=CTRIT2,U0¢N+2Z02¢VeGLO»ZRL+CON)
0B82=08(T12.y)

82-gETA(T2,v)
UL1=GLZ(J)+ALOGLO(UL)
TRCUHII=EXP(=16.6*CON*UL)
TRIZTRCONI«PCUBIC(ULLYN)
BLI=BETA(TL.,V)

081=06(T1ev)
CF=eSellR2«TRIT+0OR1¢TRI)*(TLI=T2)
OFIC=DF [C4nF
DTRIZOTRITL,ULeMeZ01LeVeGLOWZRL,CON)
DOF2Z2=.5¢(02¢DTR2+ALeDTRLI)I ¢ (T1~-T2)
DFZ=DF2Z +DNF2

202=201
WRITE(6+622)JsOTRLeTRIZOOLFZeOF,2D1sUL,GLZ(J)PULL,CON
FORMAT(1Xs13+8(ELU.8)r1IXrEL2.B)
TRII=TRI

Op2=0B1

B2=81

OTR2=0TRI

T2=71

00 101 ¥=1,5

JzJeu

201=2p2-20,

T1=72(J)

Ulzuo=utJ)

IF(UL.LE.O0,) GO To 102
ULL=GLZ(J)+aLOGLIO(UL)

GO YO 109

UL1==3.P
TRCOHIZEXP(=16.6°COHUL)
TRIZTRCOMIePCUBICIULLIN)
OBLZ0RETL V)

DFZ 5 (DU2¢TRITSOMLSTRI) $(TL=T2)
JJ2=J~u

OF IC=OF ICenF

46
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BEST AVALABLE: (OPY

is52e¢ B1=4ETAIT)IV)
155+ 108 VTRIZDTRITLAUL e 2010V eGLOWZRL Y [FLAG)
154 DOFZ=.S5¢ (B2« TR2¢RLeDTRII(TI=T2)
155 OF2=0FZ *0nF2
156 WRITE(B.AFR) JeOTRLeTRTODFZ40F , 20100 eGLZ(J) UL CON
157 IF(J.LT N6, 04,0.61.477) GO TO (10
158 WHITE(626021U0202:T24C01i:TRITeNTR2:DF
159 WRITELEAD2)JHDFICDR2.011 B2 DF2
loGye* WRITE(6,502)0¢201,T10ULLeGLZEY)WTRIWDTR]L
16l1® WRITE(HBIAGIIJI2 (I e ULI=4) e GL2 (J=4)
162 602 FORMAT(IX 13:6(1XsE16.8))
163+ 603 FORMAT(IX»13+/3(ELR.B))
1bus 110 TRII=TRI
loSe g2:zp1
lube 082061
167 DTR2=0TR1
loye T2=T1
1o9e 101 202=201
170 OFTC=DFR=-DF IC
171 OF Y2=DFR-DF 1C=DF 2
172« C COMPUTES THE UP FLUX AT THE FEFERENCE LEVEL FOR THE CH AND Z CASES
173 104 UF[C=0.
17us UFZ=0.
175 IFLLAG=2
1764 UFB=BETALTO V)
177 1F (MU.LT.0) GO YO 205
176 C COMPUTES THF UPFLUX FOR THE LAYER FROM THE REFERENCE LEVEL TO 100 M BeELOW
179« 00 200 M=1:5
lods JTJee
1E1e ZD1=2p2-20.
182« Ti=72¢(J)
183 Ulzu(J)=uo
184 IF(M.GT.1) GO YO 206
185 TRILI=1.
166 T2=T2(Jy~4)
187e DB2=DKI(T2,V)
188e B2=BETA(T2,V)
189+ OTR2=0.
19Ce 206 ULLI=GLZ(J)+aALOG1I0(VYL)
191+ TRCONIZEXP(~16.6*CON*UL)
192+ TRIZTRCONI«PCUBIC(ULL¢N)
195 DB1=DB(T1.V)
194w UF=.5¢ (DB2TRIT+DALSTRI) *(T1-T2)
195+ UF IC=UF ICYUF
196« UL1=BETA(TL. V)
197 207 DTRI=DTRITI,ULYNsZD1¢VeGLO»ZRL,CON)
194 UUFZ=5¢ (B2 eDTR2+BLSOTRII 0 (TL=T2)
199 UFZ=UFZ+UUF2
2u0e JJ2=y=u
201 WRITELE698) 0 DTRLTRIAPUUFZoUF,2010U19GL2(J) sULLCON
202e IF(J LT, 878,0R.J.6T.485) GO TO 211
2090 WRITE(6,602)40202:T2¢C0ONTRITPTR2,UF
g dus aRITE(6,602)J.UFIC,002:001,0320010UF2
H 205 WILETE (646021 e 2010 TLIULLeGLZEJT  TRIWOTRY
. i ARITE (6,603)0J2,U(J) v U(J=~4),6LZ (J=4)
207 211 TRII=TRI
2uge oye=tul

s

it

e




eah )

209
210
211
212+
2i3e
21ue
215
2lo*
217+
218¢
219+
220
221°
222«
2213
22ue
225+
226
227+
22He
229
230¢
231+
232¢
2330
234
235«
230
237
256+
239*
240
24l
242"
243
244
245+
246
247«
2B+
269
250+
251«
252+
253
254
255
256+
257~
258
259+
260
261
262+
2635
264
205

C COMPUTES THE UP FLUX FOR THT LAYER FROM 100 M BELOW THE REFERENCE LEVEL TOTHE

C

BEST AVAILABLE (Opy

B82:81

OTRZ=0TR1

Te=T1
200 Zp2=zp1

SURFACE
IfF (HULFO.0) GO TO 205
0O 201 w=l.nU
201=202-100.
NENTTN
Ti=T2())
Ulizuty)-uvo
UL1=GLZIJ) +ALOG101(UY)
0B1=00(T1.V)
TRCONIZEXP (=16.65C0NSUL)
TRIZTRCOMNI*PCUBIC(ULL N}

209 UF=.5¢(CR20TRII4DRL*TRI) *(T1-T2)
UF IC=UF IC+UF
BIZHETA(T1»V)

210 DTRLI=DTRITI+UL+Ne2D1VeGLOWZRL +CON)
UUFZ=.5¢(B2¢0TRZ*AL1*DTRLII#(T1~T2)
UFZ=UFZeUUF2

WRITL (£+698) JrDTRLTRL+UUFZoUF 1 201¢UL¢GLZ(J) +ULLSCON
TRII=ZTRI

0B82=081

82=u1l

DTR2=DTR1

T2=11

201 202=2p1

205 UFTC=yuFgeuFIC
UFTZ=uUF3+UFIC+ UF2Z

COMPUTES THE DOWH FLUX AT THE REFERENCE LEVEL FOR THE EXACT CASE

204 11=1
K=1
IF(D.LT.0) DFTE=0.

IF(MD,.LT.0) GO TO 303
ULEZALOGIO(SUMIK »MD» IT2Me JFLAG))
TRCONEZEXP(~16.64C0N*UO)
TRE=TRCONE *PCURIC (ULE N}
OFBEZBETA(TO! V) -BETA(TZ(1),V)sTRE
WRITE(6.604)ULE» TRE +DFBE

OF1E=Q.

T2=72(1)

48

C COMPUTES THE DOWN FLUX FOR THE LAYER FROM THE TOP OF THE ATM TO 100 M ABove

c

THE REFERENCE LEVEL
IF (MD.,NE.O) GO TO 308
TRII=TRE
082z08(T2:V)
GO0 T0 302
308 DO 300 M=1.MD
12zM+1
KZK 4l
T1=TZ2(K)
IFiM.6T.1) GO TO 306
THII=TRE
Ou2z0R(T2.V)
306 ULLZALOGINISUMI(K MO, 124 IFLAG))




2668 7

267
Zohe
209

e70u

271+
272
273
2740
275
2700
277
276

279
200+
281
282+
283
284
285
286
257
FLEL
2B 9
290+
291
292+
293
294
295
296
297
298
2949
Suoe
301
3p2e
303
304s
305
306
307«
304
3oge
310
3ile
312¢
313
Slue
315
316
317
3ine
319
3200
321
3220

BEST AVAILADIE Copy

300
302

o

309
305

304

301

U1zU0~-uU(X)

PH1ZDRITIV)
TRCOMNI=FXP(-1H.6¢CON*UL)
TRI=ZTRCOMI+PCUBIC(ULLYN)

DFEZ,Se (D2 TRIT*OUL*TRI) & (T1=T2)
OF 1L=DF TE4FE
WRITEL6E6601KTRILOFE/ULYU1,DB1+0FLE
TRII=TRI

pB2=ps1

T2:=7)

IFLAG=3

THE REFERENCE LEVEL

00 301 ~=1.5

KZK+y

TI=TZ(K)

M2=Mal

U1=U0=-U(K)

IF(M2.LE.S) GO TO 309

UL1=-3.8

U1=0.

GO TOo 305
ULI=ZALOGIO0(SUMIKsMDeMIM2r IFLAG))
CBI=08(TL.V)
TRCONIZEXP(=16.6*CON*UL)
TRIZTRCONT «PCUBIC(ULLYN)
CFEZ.S0IDE2TRIT*NBL*TRI) ¢ (T1~T2)
OF IE=DF IE+NFE

KK2z=¥ =4
NRITE(6+660) K TRIVOFE/UL1,UL/DB]1+DFIE
IF (K, LT, 469,0R,K.6T.477)G0 TO 304
WRITE(6.602)KeT2+CONeTRITOF IE OFBE +OFE
wRITE(6,603)1K,081,0R2,0F IE
WRITE(6+H03IKK2, TLeULLI TR
082=DB1

TRII=TRI

T2=7)

OF TEzDFRE~DF IE

49

C %OMPUIES THF DOWH FLUX FOR THE LAYER FROM 100 M agOVE THE REFERENCE LEVE(

C COMPUTES THE UP FLUX AT THE REFERENCE LEVEL FOR THE EXACT CASE

303

C COMPUTES THE UPFLUX FOR THE LAYER FPOM THE REFERENCE LEVEL

“4os

UFIE=0Q.
UFBE=QETA(TO.V)
IF(MULLT.0) GO TO 403

PO %00 M=1+5

K=Kty

TI=T2(K)

Ul1=u(k)=Uo

IF(M.6T.1) GO TQ uoM

TRII=1.

T2=TZ(K=4)

0B2=DARI(T2:V)
ULLI=ALOGIO(SUMUIK MUsM, e IFLAG))
PDHL1Z0WITLV)
TRCOH[=EYP(~16.6¢CUN*UL)
TRIzZTRCOMI+PCUMTIC(ULLeN)
UFEZ,5¢(DU2«TRIT+DL1*TRID 0 (T1=T2)
UF IR zyF 1EYIFL

TO 100 ™ BELOW




323,
326
325
326
327
32ne
329
330
331
332e
333e
33ue
335
336
337
338«
339
3uQe
341
342e
Jule
Suue
dube
Jube
367
Juyse
3u9e
3500
351
352
353
354
3565
356
357
35k
359+
360
61
Jo2e
363+
b4
oS
Je6e
dole
363
369
37ue
ST
372
373
STue
3749
376
. St
Sine
’ 379

BEST AVAILABLE COPY

660

“o7

400

COMPUTES THE UPFLUX FOR THE LAYER FROM 100 M BELOW THE REFERENCE LEVEL To THE

KK2zK=4%
WHITE(6.660)K

PTRIZUFESULL,UL,DRLUFLE

FORMAT(1X,13,6E15,8)

[F(KLT47R.0
ARITE(6:602)K

ReKers To48S) GO TO 407
fTRITWUFEWLFIE, UFRE DG B2

WRITE(6+AOXMIKK2s T ULLPTRI

TRIT=TRI
va2=osl

T2=T1

1fF (MU.ER.O) G

SURFACE

406

4«05

401
“03
4p2

601 FORMATOIX o AXe'OFTC o 10X *OETE 4 10Xe*OF T2 910X s *UFTC e 13X *UFTE

600

999

11

IFLAGSY

DO 401 ¥=1sMU
KK+l
TI=TZ2(K)

0 70 403

UL1ZALOGLO(SUMU (K MUMe M IFLAG) )

Ul=utk!=-uo
OB1=08(T1V)
TRCONIZEXP (=)
TRIZTRCCNI *PC
UFE=.5¢(DB2eT
UF IESUF TE+UFE
ARITE(6+H6N)K
TRII=TRI
OB82:=081

T2=T1

UF TEZUF IE+1IFR
aRITE(6.601)

110X *UFT2)
WRITE(6.,60N)
FORMAT (601X
GO TO0 562
SToP

FUNCTION Stit
SUM1I=0.
KSzK2

6.6*CON*UL)
UBIC (UL1sN)
RI[+pBLeTAL)®(TL-T2)

¢ TRIVUFE+ULL+1+DRLPUFIE

€

DFTC,OF TE+DF TZ,UF TCPUFTE +UF T2+ GLO, V¢ ZRL s TO
£14.9)14F8.2)

K2eM12 112 J1r2IFLAG)

IFLIFLAGL.EN.3) GO TO &

IF(I1.67.M1)
00 2 IS=I1.M})
00 3 JS=1s4
KS=KSel

GO To 10

A2=10.%¢5L7(KS=1)
AL=10.%eGLZ(KS)

SZ.5¢(A2¢A1 )0
SUMLZSUML ¢S
SUMzSUML

CONT INVE

Jizl

00% 1S=ul+S
D0 5 JUS=l.4
KSzKSel
A2Z10.%e0L7 (K

(UIKS)=U(KS=1))

5-1)

ALZ1N.*%eGLY(KS)

ST H0IAZMAY) ¢

(UIKS) =U(KS=1))

50




SOPERSNe

380+«
381
g2
363
354
345
Jdoe
387+
368
369«
390+
391«
392«
393
394+
395«
396+
397+
398+
399+
400«
401+
402+
403+
4u4w
4QSe
406+
407e
4uge
409~
410+
“lle
412«
413
Q14
415
4les
417
418+
419+
420+
421
422+
423
424s»
425«
426+
427+
428
429
430+
431
432
433
“3ue
435
4300

650

650

655

10

19
20

BEST AVAILABLE COPY

SUML=SIIM 45

IF(K2.LT 4RO, 0R.K2.6T«477) GO TO S

WRITE(B 65N KRS GLZIKS=1) v GLZ(KS) v A2,41,5¢SUML
FORMAT (11X 13+6(E15.8))

SUMZSUML

CONT INUE

RETURN

FUNCTION SIHUK3I M3 I30J30IFLAG)
SUM2zQ.
KUK 3
IFUIFLAG.EN,4) GO YO &
DO 2 fU=1,43
DO 3 UU=1.4
KU=KU=1
AL=10.%eGLZ(KU*]1)
A2Z10.*¢GLZ(KU)
ST«S¢(A2%A1) * (U(KU*1)=U(KU))
SUM2zSUr245
IF(K3.LT.u78.0Rek3.GT.48S5) GO TO 3
WRITE(6,650)KUGLZ(KU+1) +GLZ(KU)»A20A]+SsSUM2
FORMATIUIX/ 13+6(EL15.8))
WRITE(6,655)U(KU+1)sU(KU)
FORMAT(1Xe2E15.8)
SUMU=SUNM2
IF(U3.EN.5) SUMI=SUMU
COnTINUE
RETURM
SuMz=sur3
00 S 1U=1,13
00 6 JUU=1s4
KUzKU=-1
AlZ10.%¢CL7(KU*1)
A2Z10.%4CL2 (KU)
TS50 (A2 A1) ¢ LUKU+ ) ~UIKY))
SUM2=SUNM24+S
Sumu=su2
CONT INUE
RETURN

FUNCTION PCUBIC(XBAR'N)
1=1

IF(XBAR.LT.~3.7) pCuUnIC=1.
IF (XDAR,LT,~3.7) RETURN
IF(XPAR.GT.1.2) PcunlC=0.
IF (XBAR.GT.1+2) RETURN
OX=XBAR=XI(T)

IF (ox) 103020
IF (1.€0+1) GO To 30
1=1-1

DX=ZXHAR=XT(1)

IF ox) 10,30+30
Izfe}

0Xz0DX

IF (2.F0.1) GO To 30
DOX=XHBAP=XT (1+])

IF (QDX) 30¢19.19

51




o i

.... s ) R

437
L3ae
439
4uge
Gyl
Guoe
W de
Yyt
4use
Yube
“u7e
4uge
4u9e
450+«
451
452
453
LWSus
455
456¢
457+
458+
459
4o00*
461"
bp2+
4ole
Goue
405
4o6*
u67e
468
469
470"
471
472+
473
474
475+
470
477
478+
479
480+
4Bl
4pze
4Bl
4By e
“8se
486
4a7e
WBie
“yGe
490
W9
492
493

30

BEST AVAILABLE COPY

PBIC =Cl1s1)40X®(C(2oT)4DXe(C(3rI)4DX*C(4,1)))
PCUGIC=PRIC*.01
RETURN

FUNCTIONM RHO(Z)

IF (2-7200..CE.0.) GO TO
XX=5U22.99¢((1./273.0=11./T7D(2)))+ALOG(6.11)
EZ(EXP(XX))el0U0

RHOZE/Z( J4h1e(l0.*¢7.)2T(2))

RETURN
XXXT6H147.505Ue((1./7273.)=(1./TD(2)))+ALOG(6.11)
E-(Exp(x¥Xx))1*1000.

RHOZE/( 4610 (10.2%7.)eT(2))

RETURN

FUNCTIOM T(2)
IF(Z=500.+.6E.0.) 60 TO 1
TzZ277.4(7.75/5004) %2
RETURN

T=2688.~.0065%2

RETURN

FUNCTION Tn(2)
1F(2~500¢.CGE«0.) GO TO 1
TD=274.4(6./500.) %2

RE TURN

IF(2-7200..6E.0.) GO TO 2
Tu=279+~(SA, /6700)¢(2-500.)
RETURN

Tp=T(2Z)-15.

RETURN

FUNCTION P(2)

IF(Z=10769..6E+0+) GO TO 1
P(((Z2/=84308,)+1.)e*(1.7.19023))+1013.25
RE TURN

Pz2364.52/EXP((Z=10769:)/6381.6)

RE TURN

FUNCTION GLITT+VeGLO)
IF(V=1595..6T.0.,) GO TO 1
Az2.4/(10.%¢5,)

6o 10 2

A=1.757(10.%%5.)

8=2.22

GL=GLO~A®((293+=TT)I/TT)w((V-1595.)%42,)+ALOGI0(293./TT)

RETURN

FUNCTION BETA(TT.V)
PR=3.7411676/(10+¢¢12.)

0=1.,4389

BETAZ (PR (Ves3.) ) Z7(EXPIQOV/TT)=14)
RETURN

FULCTION D(TTeV)
PHZ3.TH11676/(1000124)
Q=1.4389

52




S

49us
495«
490
497e
494
439
500
Sale
S02e
503
Suuse
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BEST AVAILABLE COPY

OB=(((PRO(TTe2,)) /(08 s3.))s((GsV/TT)0eu ) 4EXP(OV/TT))
1 /ZTTI=1.)se2.)
RE TURN

FUMCTION DYRITT UZeNe2ZoVeGLOWZRLICON)
K2=22-11991,

IF(K2.GT.0 ) GO To 1

J2=22-10.

IF(J2.LT7.0 ) GO TO 2

12=22-500,
IF(I2.LT-1Nn.AND.12.6E.0) GO TO 2
IFLI2.LY.0.,AND,12,.GE.~10) GO 70 1
221=22+10.

&23=22-10.

TY1=Y(221)

T12=77

TT3=7(223)

IF(UZtEene) OTR=G.
IF(UZ.LE.0,)GO TO 3
UTIZGLITYL«VeGLO) +ALOGLID(UZ)
UT3=6LITT3VeGLO) ¢ALOGLO(UZ)
TCOMZEXP (=16.6¢COMN*U2)
TRIZPCURTIC(UT1 M1« TCON
TRIZPCURIC(UTI ) o TCON
OTR =(TR3=TRLI/(TTI-TT1)

GO To 3
TY1=1Y
2222210,
T12=7(222)

[FLU2.LSen.) DTR=0.
IF(UZ.LE.0.)GO TO 3
UTLZGLITTL. Vo GLO) #ALOGLINTYZ)
UT2ZGLITT2 VeGLO) +ALOGLO LUZ)
TCONZEXP(=16,6¢COMeUZ)
TRI=ZPCURIC(UTLeN)TCON
TR2ZPCUATICIUT2 1) ¢ TCON
OTR =(TR2=TR1)/(TT2-TT1)

GO To 3
TT3=77
222222410,
TY2=T(222)

IF(UZ.LEN,) DTR=0.
I#(UZ.LELO.)GO TO 3
UT236LITT2.V/GLO) +ALOGLN(UZ)
UT3IZGLITTIVeGLO) #ALOGLOUZ)
TCONZEXP(=16.64CONUZ)
TR2zPCUBIC (UT2N)*TCON
TR3IZPCURTICIUTI i) o TCON
OTR =(TR3I=TR2)/(TT3-TT2)

30 10 3

IF(22.GY.5A0,.0R.22.LT.460.)G60 TO 40
WRITELGWH6N)TTLTT2eTCO 1hUTL UT2,UTSIUZ
WRITE(B.6GN)TRIZTRZ,TAISTTLIWIT2,TT3.01R
FORMAT(IX»T(ELS.8))

HE TURH

END

/((EXP(Qev
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Md-q FR— JUPST

Co;

=.2900165%6401
=e399899016¢01
- 4B656E6T1940 L
=e5729521r741
- 041045736401
= 700k06549401
=+ 750%86535+01
~.803565422+n1
-.8991709974+n1
=.915731712401
=¢951962051+n1
-.106265032+02
= 115745726402
=.126751002402
=e139250259¢02
-e158207737402
~e1687585%F 54,2
=.1857183002¢n2
= 24369522402
~e223803L87¢02
- 20U4 1508402
=:265535724402
=e286+418724C2
“d307623762g*92
=«327770160L402
=e3405222353¢12
~e3033402AT4N02
~e378%10114¢02
~e3909295u83402
~.%00603356+062
-~ 406991939402
-~ 409030447402
~.4NL28662U4N2
~.422823000+02
~e 3926021321402
~«376491600402
~e354611A95402
~eJ260608P6+02
~e291144007402
~.2523696%9402
~e2114127594r2
~« 170988326 +,,2
~e 133633972402
“ l1875778002
- TH46289 8401
~e595726£2940)
LR LU EL G ORI
=2 19409005401
=s223037742401
= 15499990 0L

BEST AvAI

FULl UL

ADIT 1
B

0Py

Interpolant Coefficient Input

C3;

= 691633084401
=51 734G37004G1
=.539536¢55401
= 826510371401
o024 17254401
=+325791198¢1
=eC33U0A331L 4]
-.2259607u14+01
-.3192746014%01
-.286332658+01
~.335371592+p1
=.472212577401
- LT7575R100+91
—ebe4770554401
-.62515”751 491
- 7745580351401
=~ 77649630401
=a21344u132401
=+94570%10¢pl
=aG9T72nT727401
=.10633876A¢+32
- 104307917¢92
=4 104193693402
=.1ua357991+02
=¢923733759+01
=.02148/2094401
~.790318521+01
= 717254096401
=.540645111401
-,120181299+01
=.178642¢70401
= 052503952400
«13%c2nd84 401
406731135401
«633633507+01
«959527%,74¢ 91
«1223845€97+92
162664032402
L18649361% 402
«2013807624+02
.208138206402
196106163402
177637301402
JAUU U202
L11593a10n%07
«P1913K3n5e01L
OH3VupHL 0D
MR2TEDT1 700l
32795 cunenl
SOANYLANHHN

Cai

=.87522R7404+00
«25934A184401
«5NI619u60 00
560337622401
=.2112u87174p}
30608373401
=.724077309-01
=, 275647670401
«102803u57401
-.163u8799401
-:556132935401
=.1181%6u2n0+00
= 4G96704632+01
=.129222884~01
= 4930u9552401
=.037c54507-01
=, 4764795454401
=-.075473119¢90
=« 173387095401
=218 73401
«4080379240400
«2247R10014%00
=+.138P02543¢01
«532R17739¢01
«769%568097-01
«43723098n0+01
243549374401
«S83703042¢01
L401544553001
.8051491624+01
377679264401
HP2045222+01
.89035030H4+01
755632021401
100698840402
+806u25247%01
122727623402
.79449176A4+01
L494702393¢01
226533072401
-, 401067746401
-,622291535+01
=,1100756493+02
-, 938642520401
-.113551329%02
-.519239879401
-.7575220u%401
-, Y30K72996401
L11N2264465401
LUc0000000

Chi

«993197997+02
«985799995402
«9R5L0N0N0+02
«9Rr010N002¢02
«97399299%96+¢02
«96720909995+¢02
«960000000402
«+9%522(00003402
«9u39;Nn003+02
«335000000402
«925%00002+02
«915299997+02
«904200001+02
«892100000+02
«B78800001402
+BEU2NN00L402
«Bu810000U+02
«8304G0000+02
+810900002402
« 769409998402
+ 766099997402
«7U060N004+02
«71300NC02+02
«683299999402
«6£51499995 402
«617800002+02
«S5€230N000402
«545200000+02
«S0670N001402
467100000402
«426700001+02
+38590NG02402
«34500N0000402
«304uQ0001+02
+264600000462
«226099999+02
«18950N0000402
«155400000+02
«124S000004+02
«9730uN002401
«761007003401
550000000401
«3979999994+01
«281000000+01
«193000001401
«128000000+01
« 7999494997400
449991799940
« 189909999400
«0000yNnoo0

X

~.3699929994+01
~.359999999+01
~.350000000+C1
~.360000001+01
~.330000001+01
~.3199997299+(1
-:3099972229+¢1
~.300000N00+01
~.290000001+01
~.280000001+01
-.269999599+01
~.259999999+01
-.250000000401
~.240000001+01
~.236000001401
-¢2199929999+n1
~+209999929401
-.200000000+01
=+190000001+01
-+.180000000¢01
=+1700000004G1
~-.1599900a094+n |
~+.150000000+01L
=.140000001+01
=+.130000r00+01
=«120000000+01
-.1099979239+01
=«.10N0007N00G+01
-, A909993934+00
=-.7999999%97400
=.700000003400
-.600000001+400
-.500000000+00
-.399999G994+00
~.300000001400
-.1869906409400
=+999999995-91
«000000PD0
99999004 =-n1
«199999¢994+00
«300000001400
« 399590099+ 00
«500000000Q400
«60000NN01¢00
«700000D03+00
799990097400
«899999999+00
100000000401
«100999009401
.120000000%ul
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Model I Functions

451
4nes
4nle
454
455
4H0
457
4onhe
455«
Youe
Goule

oo
LS5
494w

495+
490
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U‘)dl
49 e
S0us
S0l
Suer
Su3+=
Suue
S5uSe
Sube
507+
Sose
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Sile
S12+
Si3e
Slus
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Slee
S17
Side
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520«
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Szav¢
S23e
S24e
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929
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S350
S31e
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S$33.
S34e
B35
936
537+«
S3d.
539
S4ue

-

-

w
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FUNCTICH Tt2)
T=236.-.00A5¢2
wETURN

FuncTiorn Tot2)
IF(Z2~7260+.0E.0.) GO TO 2
TL=2R3.228%-(58./6700.)%2
HETURN

10=T(2)-15.

RETUR !

FUNCTION QTROT I g et o220V arile 0l e COY)
e=22-1179n,
IF(K2.67.0 ) Gu TO }

J72=72-10.

IF(JZ.LT.0 ) GO To 2
221=7Z2410.
223=22-'0,
TT1=7(221)

T12=7T7

TT3=71(273)

IF(UZ.Een.) OTR=0.
IFIUZ2.LE.D,)CO TO 3
UTLIZGLITT1.VeGLN) 4ALOGLO(UZ)
UT3ZGLITTSVeGLODI +ALNGLIO(U2)
TCOH=EXP (~16.6%C0MsU2Z)
TRIzZPCUNIC(UTLei1) «TCON
TR3I=PCURTCIUTI+iy) «TCOM
OTR =(TR3I=TRII/Z(TT3-TTL)

GO To 3
TT1=27T7
222322-10.
T712=71(222)

IF(UZ.LEaN,) DTR=0.
IFIUZ.LELD,)GO TO 3
UTLIZ6LITTL V6L +aL0GLID(LZ)
UT225LITT2,VeGLO) +ALNGLG (UZ)
TCOHZZXP =1/, 54CIANIZ)
TH1=PCURTC(UTLvti) «TCOM
TR2IPCUAICIT2e 1 e TCON
2TR =(TP2=TRL)/(TT2-TT1)

GO To 3
TT3=7T71
222z22+10N.

T1227(222)

IFLUZ.LE.NL) UTR=G.
IF(UZ.LF.0.,1G0 TO 3
UT2=GLITT2,VeGLO) #ALOGLOY2)
UT336LITTS,VaGLO) #ALOGLY(YZ)
TCONZEXPI=16.68C0N4117)
TRZ=PCUPIC(UT2sti) e TCON
TR3ZPCUBIC(UTI i) o TCOM
OTR =(TR3I=TR2)/(TT3-TT2)

GO To 3

[F(Z27:6T45A0..01224LT,4H0,)60 TO 40
ARITELGB6N)TTLTTI2+TCOMNILTLIAUT2UTIN U2
ARITECE 66N THL T2y TRIvTTLWTT2,TTINTIR
FORMAT (LY o 7(ELS.8))

KE TURN
END
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