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THE DETERMINATION OF ATMOSPHERIC TRACE GASES USING
THE CORRELATION INTERFEROMETER TECHNIQUE

By
Jerold T. Twitty! and Earl C. Kindle?

INTRODUCTION

This report describe - the total research efforts and
results obtained under NASA grant NSG 1131. The discussion

is presented under four major headings:

(1) Summafy of results of the cumulative research efforts
conducted during the eritire grant period,

(2) Summary of results of research efforts during 1975,

(3) Summary of results of research efforts during 1976,
and

(4) Summary of results of research efforts for 1977.
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SUMMARY OF RESULTS OF THE CUMULATIVE RESEARCH EFFORTS
CONDUCTED DURING THE ENTIRE GRANT PERIOD

The work presented in this report and in previous annual
reports has demonstrated the theoretical feasibility inherent
in the correlation interferometry technique. High signal-
to-noise and increased information content in a given partial
interferogram are attractive features of the technique. The
main difficulty is in the separation of interfering gas species, § -
particularly methane. This can be overcome by a precise “
measurement program for methane and other species spectral
line parameters. The work of Toth (private communication)

is a step in that direction.

In reality, the most important consideration to be dealt
with in the demonstration of correlation interferometry has
been the hardware design problem. This hardware, COPE, has
elecontric, optical, and mechanical difficulties that are
simply impossible to fix at this late date. After a one-
year refurbishment of the electronics, the digital interface
fails intermittently and the analog AGC network has a strange
nonlinear response.

Flight data from Cessna 402 over southeastern Virginia
during April 1978 yielded amplitude fluctuations that were
not explainable except as internal nonlinearities. Misalign-
ment of the AGC/interferometer optical axis also contributed
to a large error source in the flight data. The conclusion
is that no useful data on gas burdens was obtained from these
flights.

It is hoped that the second generation correlation
interferometer, CIMATS, will solve all of these problems
and that it will be able to fulfill the expectations for
the technique.
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SUMMARY OF RESULTS OF RESEARCH EFFORTS DURING 1975

Several months at the beginning of this grant were spent
in gaining familiarity with the correlation interferometer
technique and with existing CO Pollution Experiment (COPE)
instrumentation. A computer program to simulate the COPE
instrument was developed during this time by extending an
existing program which was written by General Electric, the
COPE contractor. A substantial effort has been exper.ded
toward understanding the COPE signal. This has included
laboratory testing of stability, sensitivity, and theoretical
analyses. In addition, COPE data obtained during a f£light
field test in Washington, DC, in July 1974, were reanalyzed
to determine the source of observed methane variations in
that data. The results of these various tasks are presented
in the technical report mentioned on page 4.

Work was also performed on theoretical aspects of Corre-
lation Interferometric Measurements of Atmospheric Trace
Species (CIMATS), which is a multigas version of COPE.
Computer programs exist for the analysis of the CIMATS
experiment, and some preliminary work has been done.

Two papers were published during 1975 and two papers pre-
sented at the 4MS Radiation Conference in Arlington, Virginia.
Another paper was submitted for publication in April 1976.
These publications are listed below:

DeLuisi, J.; Charlson, R.; Fegley, R.; Furukawa, P.;
Gillette, D.; Herman, B.; Schuster, B.; Twitty, J.T.;
and Weinmarn, J.: Results of a Ccmprehensive Aerosol-
Radiation Field Experiment in the Southwestern United
States. Presented at the Second Annual Radiation Con-
ference of AMS (Arlington, VA), October 29, 1975,

Twitty, Jerold T.: The Inversion of Aureole Measure-
ments to Derive Aerosol Size Distributions. J. Atmos.
Seci., Vel. 32, 1975, pp. 584-591.




Twitty, Jerold T.: Airborne Measurements of the Solar
Aureole and the Remote Determination cf Atmospheric
Aerosol Size Distributions. Presented at the Second
Annual Radiation Conference of AMS (Arlington, Va),
October 29, 1975.

Twitty, J.T.; Parent, R.J.; Weinman, J.A.; and Eloranta,
E.W.: Aerosol Size Distributions: Remote Determination
from Airborne Measurements of the Solar Aureole. T7To

be published in April 1976 in Appl. Opt.

Weinman, J.A.; Twitty, J.T.; Browning, S.R.; and Herman,
B.: Derivation of Phase Functions from Multiple Scattered
Sunlight Transmitted through a Hazy Atmosphere. J.

Atmos. Sci., Vol. 32, 1975, pp. 577-583.

§ In addition, the te anical report contained in the following
section was published and forwarded through channels to the
Technical Monitor in 1976.
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SUMMARY OF RESULTS OF RESEARCH EFFORTS DURING 1976

Work performed under grant NSG 1131 during 1976 contrib-
uted to the objectives of the grant in two ways. First,
a theoretical error analysis for the CO/CH4 measurement for
the solar reflected channel for both the CIMATS and the COPE
instruments was completed. Second, an empirical/theoretical
analysis of COPE field data chiiained at NASA/Langley Research
Center (LaRC) was undertaken. rhe aii 2f these analyses
was to assess the general outlook of the correlation technigue
and to ausess the capability of COPE to performs to its
specifications.

The theoretical error analysis was undertaken for the
CO/CH4 CIMATS reflected solar channel. These calculations
included errors induced by noise and by the algorithm appli-
cation necessary to separate out the individual gas burdens.
A line-by-line atmospheric radiative transfer model was
developed. This model includes temperature, humidity, CO,
and CH4 vertical profiles with approximately 2-km resolution.
This model was used to calculate a high-resolution absorption
spectrum as a function of various atmospheric parameters.
Estimated optical and electronic filters were applied to
this spectrum, and CIMATS interferometer visibility curves
were applied to the Fourier transformed spectrum to yield
interferograms as a function of delay. This represents simu-
lated CIMATS output. This signal was calculated for various
gas burdens, including water vapor and for different tempera-
ture profiles. A set of base interferograms was used to
obtain derivatives of these interferograms with respect to
co, CH4, and H20 gas burdens. These derivatives were used
to calculate least square solutions for individual gas bur-
dens by determination of weights applicable to a linear
variation in gas burden change. These weights, when applied
to a measured (or simulated) interferogram, yield an estimate
of total gas burdens. Noise was added to these simulated
derivatives to estimate errors in the instrument transier
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function, i.e., errors in the parameters characterizing the
instrument response.

The results of this analysis are presented in table 1.
The model was used to calculate interferograms with random
gas burdens (within stated limits) for CO, CH,, and H,O.
Noise representative of instrument NEP was added to these
interferograms and the gas burdens estimated by application
of the algorithm. As shown in table 1, the average error
for CO was 0.002 atm-cm. This corresponds to a change of
2 ppb throughout the atmosphere or a change of 0.2 ppm in
a 100-m layer. These errors are well within the stated
objectives for CIMATS.

The second analysis used real data from the COPE corre-
lation interferometer. During the period reported a number
of instrument difficulties with COPE prevented an assessment
of the capabilities of the instrumentation. Beginning in
October 1976, atmospheric data was gathered routinely. 1In
the absence of an accurate instrument transfer function to
enable the theoretical calculation of gas burden derivatives,
this data has been analyzed using empirically determined
derivatives and calibrations. Some of this data is presented
in figure la. The measurement represents the total burden
of CH4 between the Sun and the Earth's surface and, therefore,
varies with Sun elevation angle. The solid line represents
the variation due to the change in solar elevation angle
for a constant amount of methane in the atmosphere. Figure
1b represents similar results for CO. At this time, these
results are preliminary and the variations away from the
nominal line cannot be considered to be real. These fluctua-
tions correspond to variations of 0.02 atm-cm for CO and
0.075 atm=cm for CH4: this is only a factor of 2 worse than
the estimated error limit for COPE obtained by extrapolation
of the simulated CIMATS results presented in table 1.

In conclusion, the CIMATS and COPE instrumentation appear
to have the theoretical capability to make excellent remote
measurement of CO, CH4, and HZO gas burdens. To reach this
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theoretical limit, the proper handling of water vapor effects
must be included. This can be done only by interfacing the
theory with the instrument through the instrument transfer
function (ITF). Work is underway by GE to obtain this function
for CIMATS. The ITF is needed for COPE also, but as yet

a satisfactory measurement has not been made.

|
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TABLE 1
Average Error Maximum Exrror Range of Gas Burden
Gas (atm=-cm) (atm=-cm) (atm=-cm)
Cco 0.002 0.G0S 0.07-0.13
CH4 O-Ol 0.02 102 - 106
H,0 14. 28 350 - 3800
(dry) (moist)
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Figure 1. Estimation of CO + CH, atmospheric gas burdens,
November 5, 1976 at Langley Research Center.
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SUMMARY OF RESULTS OF RESEARCH EFFORTS FOR 1977

Efforts for the first hali of this year were reported
in the semiannual report of July 1977. The problems reported
therein with the optical components of CIMATS have been solved,
and an acceptable beamsplitter was delivered to General Electric
in February 1978. An assessment of the improvement in signal-
to-noise ratio has begun. A second problem which was slowing
analysis at that time was the lack of good CH4 line parameter
data. Improved line parameter positicns and strengths have
been measured by Dr. Toth at JPL and recently delivered to
NASA/LaRC. However, some discrepancies between this data
and the previous preliminary data have been discovered. These

- NI o

discrepancies are being investigated.

r £
A major new effort begun during the second half of this

year was to iniciate the writing of a modular atmospheric
line-by-line radiative transfer program for the STAR computer.
Such a program would be faster than current CDC-6600 software
and would aid in further analyses. As a part of this effort,
new Voigt profile software has been written for both NOS-6600

g% and STAR computers for several new fast algorithms reported

| recently in the literature. This study is reported in
Appendix A.°

R o

! In the preparation of this report an error was discovered

{ in the derivation of the Kielkopf approximation to the Voigt
‘ profile. Hence the errors of approximation described herein
are not valid and the graphical representation in Appendix A
should be recalculated.
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APPENDIX A

This appendix represents a part of a paper on a new
atmospheric radiative transfer development effort
currently underway, and is intended to be part of a
future publication documenting that effort.

11
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COMPARISON OF VARIOUS COMPUTATIONAL METHODS FOR THE
CALCULATION OF THE VOIGT PROFILE FUNCTION

In line-by=-line radiative transfer calculations, the
line shape of individual lines is, in general, described
Ly the Voigt profile function, an integral expression requir-
ing substantial computational time. Several proposed procedures
for the calculation of this function have been investigated
as to their accuracies and computational speed on the NASA/
LaRC NOS-6600 and STAR computer systems. This is intended
as part of a development of a radiative transfer program
in a structured modular approach for general atmospheric
application. Limits where the Lorentz or Doppler approxi-
mations are appropriate are given in terms of the parameter-
ized profile, and considerations on the calculational
termination of typical atmospheric conditions aie
discussed.

Atmospheric radiative transfer calculations, in general,
require the evaluation of the Voigt profile function:

K(x,y) = xf" exp(-t?) dt
' m 2 2
—o y< + (x - t)

where

<
!

= 2,326 x lOG(Av/vO)(M/To)l/Z
y = 2.326 x 106 ao(P/Po)(M/To)l/Z/VO

center frequency of line

<
L]

o

ag = line width at reference pressure PO and
temperature T,

M = molecular weight of gas

Av = v = v

o

12
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for atmospheric pressure and temperature conditions wheix both
Lorentz and Doppler line broadening are important. Several
recent authors (refs. 1 to 3) have reported computational
procedures for the rapid evaluation of this function.

As part of an effort to improve the accuracy and speed
of existing radiative transfer codes in use at NASA/LaRC
fcr the COPE/CIMATS program, the relative accuracy and speed
of these methods have been reviewed for typical values of
the parameters x and y needed in tropospheric calculations. <
In addition, for comparison, two existing codes {(refs. 4, 5)
which are used currently in NASA/LaRC radiative transfer
codes were included.

The actual codes tested on the NOS system were written
in FTN FOPTRAN and represent either syntactical conversions
of the codes presented in the references or codes based on

o eneR WA,

the described algorithm. These codes are given in Appendix B
(methods A through H). 1In order to test the relative computa-
tional times of these codes for realistic conditions, a range
of x and vy parameters was used and the total CPU time

was determined for each code. The values of y wused were

Yy 0.1(0.1)1.0(1.0)11.0 and the values of x used were

X 0.0(0.25)25.0. It will be shown later that these are

a typical range of parameters needed for tropospheric

S e Sl b

calculations.

The results of this timing test are given in table Al.
These results confirm that the computational schemes D and j
E of references 2 and 3 are indeed faster, but that method ;
C of reference 1 is neither faster nor as accurate. Compari- 5
son of the Kielkopf method (ref. 1) with the actual Voigt
profile is shown in figure 1A. All of the remaining algor-
ithms are accurate to five decimal places for the calculated
parameters. Since the codes D and E were comparable in speed
and accuracy, the latter was chosen to be used in the improved J
radiative transfer code because of its simplicity and easier
vectorizability for the STAR computer. It should be noted

13
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that the Drayson code (method D) as given in that reference is
not exactly the same as that described in the text of that
paper, but in fact has some odd subregions. These do not
appear tc affect the results, however.

The method E has been coded for the STAR using the NASA/
LaRC language SL/l, a vector language structured like PL1.
This language allows for the use of the halfword capability of
STAR and easy vector manipulation. This code is also given in

Appendix B. The timing result for the same sample space is given

as case H in table Al. A disappointing result is that the STAR
vectorized function is no faster than the fast NOS-6600 CPU
times, at least for vectors of length 10l. Since times improve
as ventor length increases on STAR, it may yet be possible to
gain by using STAR. Further investigations are underway.

Th2 requirements on sampling of the profile, on cutoff
limits for the profile, and the applicability of the Lorentz
or Doppler approximation have been investigated. Figures A2,
A3, and A4 show three Voigt profiles for values of the parameter
y of 0.1, 1.0, and 10.0. This represents the typical range
for v in the atmosphere. This would correspond roughly to
pressues of 10, 100, and 1000 mbar. Note that the Doppler limit
is not reached even at the lowest pressure. Note also that
the Lorentz profile is an excellent approximation for the
highest pressure (lowest altitude) as would be expected.
However, even at y = 1.0 the Lorentz profile is good in the
wings of the line. This would seem to allow for a generalized
Voigt/Lorentz routine with regions where the Lorentz profile
could be used. 8Since the profile is only a function of x
and y and does not depend on the specific molecule or line
except through these parameters, such a function would be
uniquely defined. The computational speed of such a hybrid
function has not been investigated as yet, but since the
simple Lorentz rorm is faster, one would expect an improvement.

A final consideration is the necessary sampling and the
limit of a line. ' Since a line extends to infinity in principle,

14
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a cutoff must be defined for the practical calculation. Typically
this cutoff has been given in wave number space with values of

3 to 5 em™! commonly used. For values of Doppler half width

this would be a cutoff limit of x = 500 to 1000. From figures

A2 to A4, it can be seen that this is an extreme limit. It would
appear that a limit of x = 100 is sufficient for all atmospheric
conditions. This would be typically one wave number either side
of the line center. Since this limit is very important from

the computational viewpoint, this conclusion will be incorporated
into the new radiative transfer program. The typical sampling
used in radiative transfer programs is 0.01 ecm™!. This corresponds
to a sampling of steps of 2 in x space. This is seen to be
adequate except for the highest altitudes (fig. A2). The new
program will be written with this as the nominal sampling, but
with provisions for increasing the sampling if necessary.
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Table Al
CPU Time

Method Case (sec)

Bortner et al. A 0.147

Kyle B 0.411

Kielkopf c 0.132

Drayson D 0.050

Pierlussi et al.. E 0.050
Lorentz

approximation F 0.026
Doppler

approximation G 0.037

Method E on STAR H 0.057

17
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APPENDIX B

This appendix contains computer programs for methods
A through H.
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METHOD B

SVDIGTK
TOTRUNCTION VOTIGTK(XIN,YIN)
C THUS SURROLTINE IS YOUNG,S METHA) FOR CALOULATING THE VAIGTK PROFILF
T RIMENSTION  A(d2),HH(10Y, XX (1)
T DIMENSTION PAC32),CA(32),PHI32),30ud) Ak(S),aM(5),0Y(4),CR(32Y
DATA mH (1), WH(2),XxX(1),xX(2)/
,»  B,0491009Fe0), A, 1312RI8FEan?, 5,20hdT02E=01; 1,6500A01E400/

NATA A/
N y  1,9999699%Eeyt, 0, s =1,30000N0E=N,
y D » 1,59M3099E=01, 0, ) =1,2166400Ee01,
e 0, o R,7708185ke02, O, ) »S5,8514124Een?,
T e 0, s 3.6215730ke02, O, ) ®2,0RUYT65Ew02,
i s 0y v 141196011Ee0?, 0, » nS5,h231RIKEND,
i o 0, 7 ¢ 2.,hdB7634Ee0nd, 0, » @1,1732470Fend,
E s 0, .- . 4,R99510%¢ =04, n, R 1,9336%08kend,
0, y T1,2287745¢FenS, 0, )y *2,35655512€e05,
; '. 0,' ’ n.6620730&-06' 0. ’ -’.7876179E.06|
: o 0 s PA.5mABT36Een?, 0, ) ®2,51R4T3TE=DT,
? 0, v T.0910022EL0R)
‘ ‘ra0lo -
401 x=XIM
- Y 8 YN
X2 3 x#*X T
o Y2 3TYHyY
T TF (Xe7,0) 200,201,201
! "200 1F (Yei,) 202,207,203
r T 203 7RA(LY 3 0,
TeAfi) = 0, - RI.. O Iorpy
TRARC{Y TN, T ORIGi v 5oe, 0 b P T
‘ t8(ly = 0, B R RRIE R ST
TTTAMC2 Y = X SR
"""""" raC2y s T
T RB(2) = 4Sex2eY2
T CRE2Y B w2 aXaY
tay = CR{2) T
T oAt = 0,7 S

{ ‘ YIS0
- TTROC 290 J=2,31
T OIMINGGS 2 Je{ T
’ TJPLUS = Jed
T TTFLNATY 3 JMINUS
© T TTTRBL =@ #FLNATIARA(2) -
o ‘RAY = «FLUATJIw(2,xFLNAT Jel,) /2,
- - aA(Jans)~pnxtnArI)'CR1*CA(J)+9A1tnArJMINus)-CA1*CA(JMTNUS3
w—-CA(JpLHS;':nmh:A(J)H"MtM(JHQM*CA(JHI”JSHCH*RA(IMMUS!
RY(JPLUS)IZRRI#RAR(J)@CRIKCACI)+RA1ARPBIJUYINUS)wCAL#CR(J4TNIS)
= T ERCJPLUSISRAYACRIJI4CII«RY{JY4RATACHCIHINGS) ¢ CALARREJMINUS)

A

hna;:;ﬁﬁgﬁz;f' Co é .
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e

W e RS

g -

256"

259

202

301

303
302
305
307

306

308

304

W st
P g
e !

NVE(CACIPLIIS) 2R JBLIS)eRA(JPLIS) «CH(JPLUS))/(RRIJPL'ISIRORLIPI IS+

{CACJPLUS)I *CRCJPLUSY)

TF (ABS(UVeUVi)ey Fe7)251,250,280
iy i=ily

VOTLThaV/1,772454

RETURN o

TF (xe2,) 30t,309,3CP

AINT 2 {, '

MAX 2 {R,95,#x2

N 303 J=y,MAX

L3Jey" "~ 7

AJ 3 YAxex

AINT = ATNTR(w2,ex2)/(2,9a001,)01,
1] 2 w@ X wAlINT

£ TN 304 '

1F (Xed,S) ¥n5,304,308
a(a3y=zo,

R(44Y = 0,

J =42

DO 307 K =1,42

RET) = " UaxwB(let)eB( 14244 ()
J = Jwi

Iz ARE3)eReL)

GN TN 304

AINT =t .0

MAX = 2,440,/X

AMAX 5 MAYX

DO 308 K=31,MAK

ATMT = AINTH(2 ,wAMALw] )/ 0P, #x2)%Y,
AMAX 'z AMAY =i,

) 3 wAINT/X

V 2 {,772d5UrE P (eX2)

H = 02
M 2 Y/
TR O(IM) 310,311,310
pay oo TR i}
2-aa, o o S
CLE ,
Dy (LY =70,
ny(2) = KW/2,
AYC(3) = Dy e2)
nyf4y = B 7 '
AK(L) = 0, '
AM{1) = 0, )

no 313 Jsy,4

TYY 3 240V CD)

UU = Us,S*AaK ()

VV 2 Ve, SeaMJ)

AKCJ41) 2 2, % (YYRUIUSXAVVYaK
AMOJ41) = w2, (], +X2LlUmYYRVVIaN
TF (Ja3) 313,314,313

25
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314 A (UYs2, "AK(4)
AM(4) =3 AMCAdYeAMCU)
313 CONTINUE
737 +M -
L o= Let ’
3 e, 160h60TH(AK(2)42,%AK(3)4AK(4)+AK(5))
TV OB Ve, 160606TR(AM(2)AMITISANCE)4AMCAYSAM(S))
1FEdM) §15,3%20,318
C 38 TF (LeJM) T4R,317,32n
T17 AJM 3 M
oM 3 YeAJMak
6 T 342
320 VOIGTKS V/{,772454
RETURN )
200 Ft 3 0, "
T ONOTI%e Js=t,2 - '
33N FLSFLeRM{JY/Z (Y2 (XXX (J)Yn(XaXY (JY))*RH(I)/Z(Y24(XSAX(JY)N(XOXX{TY)
1)
TUVOIGTRE YaF1/3,1418927
R TURN - e
Eun . - i

Ricmonvomys v

? 2o i AIII‘I jr‘r (”‘1 YT Y vy
| ”RH”:Aﬁ P R'n¢{H“
1 o4 ‘ Sy VD
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METHOD C
" SKTELR ’ RECTODUCIRILITY OF TILIS
T T REAL FUNCTTION KIFL(X,Y) ORTGINAL s 18 POOR
TREAL LN T -
DATA EXPTEST/eh75,84/
DATATRTPI/L, 772453851/ - ’
e ttt KIELKOPF APPPO!IQATIﬂN TO THE VOIGT PRAFILE FUNCTYION
C Je0eS A AUGUST 1973 vOLIME 43 NUMRER 8
c - °AGES 967-990
c akd TNPYT PARAMETER& Ty
o NATA EPS/0, 09?0/
€ waw CALCULATE THF VOTGT PARAMETER
o INQSALOG(B 0)
A:Y/SQPT(LNZ)
- TASNSARAT T o ‘
'PL:Z 0/7(1 NeEPSA N2 & SHRTI(1,0aFPSw . N2)*n2 & U4, 0aLN2/7AEN))
T TPGSA=y, OILNP)t(l Oem(y, 0+FOStLN2)*PL* (EPStLNe)*PL*P'J
K:xiSQRT(LNB)
s YKkRxkK e T
C wax WLIGF TO AVOID CNC EXP(A) FRROR MESSAGFS
T th(-LHa*xsu) GELEXPTESTY GO 70 S
il oV
e Y 6 ] i A .
Ty T GREXRP (e N2wXS]) T 7 oo oo ’ )
=g " CONTINUE DR . _ - .
TTTTT T 21,0701 ,04x8502) ' ' S )
TTTTTTTTTTETASPL/ (PLePGSR) T T - )
T T T T ER(0,8029=0 U207 xx8G)/(1,040,2030%xX5040,077354XS22%S5N)
O TTTTTKIEL=(, 0-FTA)tG + ETarL «+ ETA*(l O-ETA)*E*(s-L)
TC xxw YESTT FUR TREGYON aND CALCULATF
T CTTTTT INTENSTITY FUNCTINNM ACCORNMINGLY
T TTTTTIF(AL,GELL ST TG0 Yo 10 T )
T WAR REGINN Y Twax T o o o -
"“"”’”““T-Y‘OI(I TVe0,4T04T7%A) C '
T “FA=z1, OIRTPT * 0, blb!e*f—o iAOQa*fiT +1,32§5uaT*TtT)
TTOTTTTTROC Tn 207 ¢
T WA REGION IT (VXTENDED FPACTION1 t*ﬁ h
TTLOC T EONTTMUE T T - '
'”‘""‘"FA:!“Olffwfo 5/(£+(1.0/(A+(1 S/ (A4, 0)))))))'
C'tﬁi NORMALTSE VDIGT VALUF,..V{Y?:U(Y?'I(X)
20T KIEL= KTEL#FA
—— R TURY — .
e ER T e -
27
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METHOD D

Cwmpgr o ‘ - B
- FUNCTIAN VAIRTYX,y) ~  ~ ° C

TTCTRaw TALGORITHM FORTRAPID CNMPUTATTON NF THE VOIGT PROFILE, BY 3, R, NRAYSON,
TC orRR TN RG8 R, T, VAL, ths PP, ellenld, 1976,
T AW naHrIwE COMFIITES THE vnlsr FUNCTTON Y/PI®#IMTEGRAL FRNM  wuw

TC hwe T @ TOTH INFINITY OF ExP(eT*#T )/ (YaYelXaT)al(X=T))NT ' KXY
T r”E“SYOM R(22), RI(1S), xM(15), YN(1S5), D0(29), D1{25), N2(25),
:ﬁi?;;_ 1 'h3t2%), ?“'2?){ HN(??)O XX(3’0 HH(35)0-C(EY)_‘ o

"REAL NRY2(19) ~
TLOGICAL TRU o o v T . T . o
”f’DATf’B([)aﬂ(21/0T7:7ﬂ9360507/, XM/105,9,,288,,700b,,5,,4,,72%,7,

1 CYN/TR L6, T, 20 ,4,4%,3,1,,,9,,4,2%,7/, H/, 201/,

Tt TTXXZ 5246476, ,5506R, ,T0T106R/, (HH(T1),121,3)/,2562121, '
T3 T W25BB26REel, 28200948/, NBY2/9,5,9,,8,5,8,4745,74,645,644505,
T W 54084508,,3.5,3402,5,2,0145014045/s C/,7093602E7,

R e @S IBUTUF eb, yRSHORTUE eb, e 2TETHI8ERS, ,B66074E 5,

T TR T & 25555 Ewd o 72287 75Fed, e, 1933631Ee3, ,4B99520F a3, ’
TTUTTT T e, 1173267E 2, ,26485762Ee2,9,5623190E2, ,1119601Fal,

TT T 8T e 20R4976E 1, 435215736« ,=,5R51412Ee1,,37T0R 4E",
T T T e, 121664515584, .,184;,2/

RATA TPU/ FALSF,/ S e .

IFCTU) 6O 104 L
‘c“- oo T T - - ) coTTEm e S e e s

L awaTREGINN T, COMPUTE DAWSON FUMCTINN AT WESH POTHTS *wa

—eTeee YRU B TITRUES T Tt -
e an 10y 121,15 . - e e e
TTTI0Y RI(IY) 3TelzesT ' -
| by to3Tr={,es T h

WAULT) 3 Hx(]=,5)° ) -
TR0 8 U aHN(TIRHNEL)/2S, « 2, )

DU 102 Js2.,21 ' -
102 BUJ#l) = LOsRCT) = BOJ=1) + CCI)

ST obotl)
pLel)
nacl)
n3cenh
103 n4aclY

THNEIYN(BCR22) e H21))/45,
1o = 2,0HNC[)xDOPD)
CHNCTYIONI(T) ¢ DOCTII/RTICR)
(ANCIY202(¢T) "¢ DI(T)YI/RICY)
UHNCIIRDI(TY & DP(TIYY/RTI W)

-
. NN

104 1F(XaS,) 105,112,112 T T
108 TF(Ywil,) 110,110,106 ,
106 TF(X,GT,1,R5%(3,4eY)) 60 TN 12

wxw REGION [T, CINTINUEN FRACTION, chPurt NUMRER 0OF TFRMS NEENEDN, #x«

e Xz X3)

28



TR T T

) ' TFCY . LT,1,45) no 1O to7?
T 2 Y + VY
60 Tn 108

' T 107 T o= g1 gnY

108 2 2 ¥ ¢ X 4 1,RY
MAX 3 XNCJIRYN(L) + L46A
MIN 2 MINO(1h,21m2*14X)

o
C wax EVALIATE CONTINUED FRARTION, #ka
- v EVA N
Uy 's v
vy = X

NN §{nS J=AaTM,10
3 NHY20J)/tuUsyy ¢ vVavy)
TUHY ETY ¢ Uall
TTTTI00 VWY B X e wVVT T
; VATGT = UU/Z(Liusull & VY*VV)/1 7724548 RL‘"onttluI
c RETURN ~ ' ORIGINAL PAG
TIn v2 3 vwy B
h IF(XeY, ,GE,8,) 60O 0 113

y OF THE
15 POOR

e .
C #ws acGION Ie COMPUTE DANSON FUMETIOM AT X FROM TAY|OR SERIES., #*x¥
- b AL s S Y :
R, v e o e . .
T AX" 2 X = HN(Me)) N
R | =’(('(DU(M+I’)tD¥ + DINSIYIRDY & D2(NSL))2DXY 4 DICRs{))2DX &
i eI : . e v 50 (N1 )
ST TR T . P * X nll T
— g et )
e tt*“?AVLOR’SERIES Expasrnw ARQUT ¥ 3 Ne0 wkn
- C"““‘““ e c _
TV RTEXP (YR - )(*x)*Cns(a *x*v)/1.1?637° ® Yay
R L 2 e
Tt MEX s 5, s ¥ (12,5 . SEFLEAS

\ e
1 TTTTTTDOTIfM T e, MAX 2T T S
T T e (xaV o+ UY/RICT)

B TV s ¢ VI/RICIHLY

g R U RY D F - R
o Ti! RMAARAS LIS - ’ '

i Bt ol ---
} T TYOTRT 2 1, 1283790V
E TUTTTTTTORETURN '
UL - | .
. e e : o
TUIL2 YaTE vayo B i
TTTUIRLYS LT*II. S;6875%X) 60 TN 14%
-
“oCwex REGION [11R, 2=POINT GAUSSeHERMITF GUADRATURE, s
o FEGCTD =P 58 i P

29



. R TWTER A T T T

e N SR TLTREY TS aa w g

1 2 ¥ w XX(3)

TTTTTT OOV g X e TXx )

TTTTTOT OVOIBT 8 Ya(HH(3) /(Y2 ¢+ Ux) ¢+ HM(3Y/(Y2 + VaVv))

T UURETURN T ' - ‘

S e . o

T CTRxw REGINNTITIA,  d4ePDINT RANSSeNHERMTTE QUADRATURE, #xw

R,
T3 U 32X e XX(1)
T TV = x e Xxet)

T My 2 x o X¥(2)
TTOUTT Ty 8 X Te Xx(2) ,
- TTTVNTIGY T YaeHH (L) /(Y2 ¢ Uny) ¢ HROL) /(Y2 4 VaV) ¢ HH(2)/(V2+UNRIIY)
o | ' ¢ MH(2)/0(Y24VVaVVY)
RETURN oo T ’
- B T I et . -
i
I
b
i
1
]
:
3
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METHOD E

$ZVOIGT T
T T FUNCTINNTZVOIST(X,Y) ) '
“C wwx FAST CALCULATIONAL ALGORITHM FOR THE vnIGY PROFILE
“C JQASRY VAl 18 PP55%e558
“TCTOIERLUISSI AND VANDERWOOD  ~
TTCTULT,. AT FL PASN T
- T ODIMENSTON ANC3IN) '
TTTDATA AM/IT0,w,33333334,0,1,«,234005234F 01,
TTTTTTTL U,6296294 % w08, w7 575757570, 06R37604REw0U, w1, 322751323F 05,
T T2 71 ,45891691Ewb, e J4503R52220 7, 1,312253290F e, e| ,0R92221NUE9,
T3 8,350702795F il ,w5,94770401UFe]2,3,9554295hEw]],
T U eP Ub6BR270(Fell, 4483 260b65Ful5, a8, 032735012E=17,
"8 §,2P214(C72R8%F wtf,w2,107855192cw19,1,002516493E=20,
T T T T 6 el SSIBUGTSOERR2,1,977064754F w2y, e8,230149299F 25,
TUTTTTTUTY 3,2R9260349FeP 6, el (A6d1NTR99F 2T ,4,67R4B352F 29,
8 el ,669761793E=40,8 75410164a&-3?,-1.Qis@uaapr-3§/
TTTTTUTTRATA Af/,46131350/
TUTTTTTTUTDATAT BA/2,72474500/ oot T
Tt oArA‘nrsn/t.12837ote7/
TTUTTUUBATATAZ/0,19016350/7
I DATAE A3/0,09990214/
TTTTUTTTUU BATA AN/1,7BUUN270/
T BDATA AS/0,002883R94/ S '
T T DATATAG/5,52534370/ oo . THE
T TDATATBY /0 ,51242424/ A xf") OR
T T DATAT82/0,27525510/ N G
;; T T DATATB3/0,05176536/ REET A, PAG
¢ - T ' o ORIG
] e gEY kX =Y #Y R )
T T TR, 00X wY ' T ' ’ R
¥ C *ew REGION SELFCTINN
't T T T MUY, GE LS, 0,MR X GELS,0)00 T 111
T IRAY (GE LR DR X ,GE 3,060 TN 112
TTC wxw nEGIOw I rw ’
e YSEREY o -
YSFQ%-X
xv:Y B
e Ry
v—*agcs
Y2zeT
T NSAA42aX R, 0
IFINJGT,29) N229
_IF(X,EQ,0,0) N=1§
—hoT10” I10 LU
ANENSXNRX 2y Ny 2
TYNEWSY2wXMNeYNRX2
T XSERSXSERSXNEWNAN(TINGY)

Al

e
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Hhad AR an. lal Rk ais s ahiit R S T e st

YSEREYSERYNEwaAN(TI104Y)
XNZXNEAN
T YNBYNEW
ST 10 CONTINUF T . ' e
o ZVOIGTREXP (=S)# (CUS(aTVIn(1,0aPISOaXSERI+PISA#SIN(=T ) 2YSER) By
T RETURN
' *w REGINN I1 waw
2 RaTaT
TaTxY
 FaSwAs
‘f28wmAY
HESwAQ
) ‘ZVOIGT=A1t(tT-H*v)/(H*u¢=’)¢A5ac(r-suv)/(gac+n))+
Tt Agtf(ToFtY)/(F*FQP))
TTRETURNTT
TCwax REGTION ITD wan
101 RaTer "
“rater T
FaeSmA2 "
G28eRy
T2V0IGT= 3!*((T-FﬂV)/(FtF¢Q))+R1*((r-btvj/(gt@+a))
"RETURN‘
CENp T S N

-
¥
§

,

,

|
gz a v -

RECRODUCHT
OI{I(]I\AL" ;)JXI( AT Y ()Iﬁ TIIP

‘
! ey D,)!\T)
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B A k3 ae Lol Radiian ol o

L TP

_ SLOR?

R . Rt

METHOD F

"REAL FUNCTION LORZCx,Y)

TNDATA RPI/0,5A41894/

LORZ#V*RPI/(!tX¢th)

T RETURN

END

e
i &



Mt o S el Lo I dhngl

N e

- SD(‘JPL”"‘
} FUNCTYTON™ DOPL(x Y)
TTTUDOPL = EXP(-xux)

T TTRETURN.

TTTTTRND

METHOD G

srODUCIBH UY OF THE

1‘)
pPA N P VO

nPUJ\x{

[

34



L]
o
g
} -]
o n
78 1% NOTOIN 8/ ‘ & 'Y
x 8/ (9TREEB6°9=EV)IVILING
1 UISAS(TAT 21~ INISTOST S+ UISHEVST -0 DISCEATIL 1802)8(ENCIS wuwzu o "Muwm«m«uw.u.mum«“»wzn
- . - - -l *0e
¢ (CAras-1dx3=129Tane :ém.umo-m'oouo.7u.?ucz.::&...u..n-unz..z.%...«»z& o
SAINA=INA . 8&3253.'.5&82.!8-.7.--83833.." o
fAINXe SNX $2-36826710€S 8- [CE-3p9LPIOLLE | °32-36L9VBTSS V-
(E3+0TIINVENINA+UISA® IUISA *$2-3C6Y915200°1°§1-3261538L01 2 81-3008L8Y 10ETY
ICT+013 +MISNe 1UASK *¢1-3218SELRCO B S1-390792CRIY -1 TP 1-3T0LTCIY 22
TXENACNKERA= 1AIA “8-3v01222880° 1- 28 300b0 8821 e1-3vievscive-S--1]-336.80005€78
CRARNA-TXSNX o SAINX B L1143 R Y L-322298€08¢ " 1-°9-31891685r ° T
05 W 0L Se10%}] wod € T-*rQ-38909.CU0" 1 ve-TLeLSLILS L €0-IEIB296EY
. - 1063 10-38c2ssence -1°0 nannnunn.-.o"”mﬁ:zww N1 " )
oot 19°0=CAr ) _ ¥30IIN
o s ser i g oot T
N [ )4 5
:o.oona.mxu#..».oiz»:.—. SAINAAINXNANXUISA ‘UISK VI JLUOHS
1EArIL-=33A ‘ .9..3: VY LHOMS
e S A A o
0N - 1A i
Tine ok (1eerarn-E1 2021 50 31 4393141
* -g-.u«.ialuu“» 1°S xnxtchucohowmv..““ﬂ ”u“xzm
. Aes¥
. 0d 3N OL T=:nl W0J fov'SV PV EV 2V IV VIS LUOHS nma
_ e | Y - o NV COEJNOLIIN W LUOHS
\‘ -\ - N “0m0°‘
f3etneral (31140M4 L010n 31 u0d WHLTNODTV IWNOIIVINDIVY 1Svd Y @
f@° € X)30138=1 10 (EXJOLJN0LO3N V3B LWOHS) SNUNLIWCA'XIZLOION HOIJONNI
AN S ISER TN A Y o™
. b 1 1808°$138)/7 P* 012 XSS TILJOUS X AN DINTUS
tgo38 0L 0D (AAXIZLDI0N=131]4008d
,8ENNOE OL TU ONV BU 30w 30 3/ NBML (8°1=<A) 31 ‘ LTI 1AA v
o-3) 301302 180 ” 004001 tHIug | o 3
(0°3°X)I013S+1 . 7
%] 9°8eX LV SI INIOdNVINS 8/ . 18/76°033, « §335 Nd) 240100 . $(NdI)INIY4
78 1N104 JVIWQ III NOIO / LI NOION .._u.».u.ou 8 w Eo.auuo.sno.u“uw
39 0L 00 NIML (9°8=CA)d1 ) 1(AA"X)ZLDI0N 1301 408d
. NI 8§40 ¥01930 w03 NOTAVINOIVY O Buoiw3d 3 ) Ca"an oL 1811 ¥0d
/s ! NOIA03136 NOIO3Y JleMls 8/ . £LN*NdIISAI0TIED 1V
XdQLe 1EN B 7% 4001 NIMIL ¥/
¢e180 S 1(Xd0L’SE 9 0 0)¥101*1X ¥o
e et i
—“”"m .“u —mlﬂoMﬁ-.“.d-O.O~...~..~.a0.¢~..h- .'u.oﬂ..-m*“.“ ¢
15111 = gre’sreeLe o.o.u.o.'...n.o.um«>umo/mnuu¢m~_z.
,5 111 NOI93W ¥OJ SLINV4IC 3wy ISML 3/ - ¢ L=AN)TUTLINT
’ EH - A CAJOLINOLOIN VIV LHOHS
/8 WOLO3A X NMON NO SQNOOE L3s3ud £3114084°X CXdOLJUQIIIN WIN_LYOHS
SARA-XEN=tS COINN’AN ¥IDIINI
’8 t 4 n°ndd v
..oa«oﬁnnm..“.omut.ac.pnzu t¥nZ 3N
(OOSYLYEL 2°rE)IVILINI 1AA YN LYOKS
HE IR e i CoougNTMY IuNa33084 "
*Qe 1 [t
“an-ou.-.u.o.:_..c-:z. .38..82._cuc.acu‘»guwwti..auw»ﬁ
+§e9¥)IVILIN It
(eceveses 3=yl 1X40L « 188, ATIVM3LIN

.woaun..moo.o.mc.acurnz~ /8

oo rEL: T-P¥) WILING -ﬂ-hsowuwuot h“*o: ¢IZINOLIIN NO z._&t L1€-8C LV idW3lLV 8/

(087138010981 J3uxS O0UINIVE NIDIT S1VMI0 3INAON

T T e T
2
%4

H JOHLIW

.

- -
* ]

o A ..
s s SR S N e S e it DM g a1

Y SP R D e
T e e g AR b - e e SN
Neaisinusieenaaiiitl



TR T E— "

r

|
.

In :
O B

RS
£l
“

el

[ ] o

[¥]

&L,
@ L4 49 GNI
D WANI
IN4GN3
1¢(NZINNNLIY
/8 sececrewnlaIN 140N JUIINI NMNLTY U
TCLCENTEIINCENTETIIICENIETIV) 7 ASLEMETID-LEMETIIL) IBELs 4
ZENIEIN+CENI£1TI2CENIETS) 7 ARCENIETIS-CENIETIL ) IR TE< s CENTEIINZ
‘rQ-CENIENISLEMETDD
158-CEN1ETIS=sCENIETDS
(CENEIINSCENIETIILe:TEMETIL
CENSCIILECENETIL =t CENIETINIEDIY

/% - | %4

Ie.d III NGIO3N

78 n@: ‘ 3
1CCCaNsTIINCRNBTIIIICANLTTIS) 7L ASCEN IR I3~ 187J4))85%

+C (CENIBIINCINIRTIIDECEN 1 EIIV) 7/ (ARLINL2ITD-CENIZTIL) I SEYS
CCCRNIBTINCCENIRIIHICEN1ZIZH) 7 (ASTEN I BIIN-EINE1IL) )BTV 1LAN12IINZ
e fay-CEM21]S=1C2NT 2TIH

tyv-LaNGI1IS4L2M121I9

f9v-LaN13115-1C2N1 2123

fCENIEIINICANIRIL=21C0123T1I4.

. TN TIILRCINSBIIL sE2N 21251 gmomc

\ rd

@
]

el e e a o mmema i e e e i am e . Pt

36

e

>

[+ -

4]



	1980004371.pdf
	0001A02.tif
	0001A03.tif
	0001A04.tif
	0001A05.tif
	0001A06.tif
	0001A07.tif
	0001A08.tif
	0001A09.tif
	0001A10.tif
	0001A11.tif
	0001A12.tif
	0001A13.tif
	0001A14.tif
	0001B01.tif
	0001B02.tif
	0001B03.tif
	0001B04.tif
	0001B05.tif
	0001B06.tif
	0001B07.tif
	0001B08.tif
	0001B09.tif
	0001B10.tif
	0001B11.tif
	0001B12.tif
	0001B13.tif
	0001B14.tif
	0001C01.tif
	0001C02.tif
	0001C03.tif
	0001C04.tif
	0001C05.tif
	0001C06.tif
	0001C07.tif
	0001C08.tif
	0001C09.tif
	0001C10.tif
	0001C11.tif




