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FOREWORD

This report was prepared for NASA as part of contract NAS1-10139
with Langley Research Center under the Advanced Applications Flight Ex-
periments (AAFE) Program. The objective of this contract is the develop-
ment of the Carbon Monoxide Pollution Experiment ('""COPE"). This experi-
ment is designed to obtain data for the investigation of mechanisms by which
CO is removed from the earth's atmosphere. The approach uses an orbiting
platform to remotely map global CO concentrations and determine vertical
CO profiles using a correlation interferometer measurement technique being
developed by Barringer Research Ltd. The instrument is to be capable of
measuring CO over the range .02 to 20 atm.-cm. and of measuring other
trace atmospheric constituents.,

The report covers one aspect of the study - the analysis of the feasi-
bility of the experiment. A previous report was concerned with the CO prob-
lem and a forthcoming report will be concerned with the breadboard instru-
ment - its design, fabrication and testing, The technique is, of course,
suitable for the measurement of other atmospheric trace species, and such
applications are currently under study.

The authors would like to express their appreciation to several co-
workers who have contrii)uted significantly to the'work described herein and
to related work - specifically, to S. H, Chandra who did most of the work on
scintillation effects described herein; to D, N. Vachon who provided meteo-
~rological information such as that on precipitable water and cloud cover; to
J. C. Burns who made numerous helpful suggestions and reviewed much of
the work; to S. L. Neste who assisted with the calculations; to H. W. Gold-
stein who reviewed and evaluated much of the work; and R, H, Kummler who

contributed many valuable suggestions in his consultation throughout the work.
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ANALYSIS OF THE FEASIBILITY OF AN
EXPERIMENT TO MEASURE
CARBON MONOXIDE IN THE ATMOSPHERE

By M.H. Bortner, F.N, Alyea, R.N, Grenda
and G. R. Lmebhng, Gener311 Electric Cq.,
Space Sciences Laboratory, and G.M, Levy,
Barringer Research Ltd,

1. INTRODUCTION

One of the major problems in the field of remote sensing of atmospher-
ic pollutant concentrations consists of détermining what Tneasurements should
be made and what information can be obtained from a given measurement. It
is, therefore, economically advisable to simulate (to the extent possible) mea-
surements with the computer and utilize the results to determine the most.
useful instrument measu'relrnents. This report describes passive measure-
ment of pollutants via their absorption of sunlight. The simulation consists
of defining a representative model atmosphere and subsequently solving the

radiative transfer equatlon to o\btam the spectrum fallmg on the mstrument
and then calculatmg the action of the mstrumen]: to de;ermme the s1gna1 pro-

duced. Effects such as reflected sunlight, earthshme, atmosphe;xc absorp-,

tion and atmospheric emission must be con51dered in order to yield physmally SRR

meamngful solutiops te the equation, -'I‘he spern,,fl,x‘c pollgtgh* or _ghem}-cgll.ggple? _
cies of intereSF will deperrhipe the .s‘pectr,a'l region for wl'pch the a;mqgvphgr.ic"
transmission “'/ill be- g-Qmputed, For the case in V?hich thgépstr’mem "is.": é‘? '
interferometer, the Fourier transform of th_e'spc-_:ctrum is then 'calc.ula‘tgve'd‘ tq'
produce an interferogram. Treatment of the interferogram produces thq 3
r'nea,surbeme.nt of the pollutant,

The various portions. of this type of calculation are described herein as

applied to the calculation of the measurement of atmospheric carbon monox-



ide by the correlation int._erferomet\er. The results of calculations are dis-
cussed. | - | |

The model has been used to 1nvest1gate the feasibility of the use of the
correlation mterferometer to measure CO, to consider the usefulness of the
measurement m lookmg for a CO smk*, and to defihe the eXaé't'spectral band
which should be used for most rzliable and useful results. The measurements
to be made include a’ mappmg of CO concentratmns by lookmg downward to-
ward the earth and a. determmatwn of the vert1ca1 CO proflle by lookmg at the
sun through the earth's limb,‘-as described in Section 4. '

The model is the basis for a progre.m which computes the upwellivﬁg
radiation for both the mappmg and the 11mb modes. It calculates the spec-
trum 1nc1dent on the instrument and the resulting interferogram. Another
program then is used to invert the results to obtain CO densities. The model
has been used to calculate transmission to determine the range of sensitivity,
the effect of various atmospheric and source parameters, and the effect of

interfering species.

Bortner, Kummler, and Jaffe (1972) have reviewed the sources, sinks, and
concentrations of carbon monoxide in the earth's atmosphere.



2. . ATMOSPHERIC MODELS

2.1 Composition Models

The analytical work performed employed 'severarl atmospheric
models involving several variations of the carbon monoxide, water, and tem-
perature profileé and one carbon dioxide and one fn'ethane profile.

Specifically, ten CO p;'ofiles were used. These are given in
Table 2.1.1 and shown graphically m Figﬁre‘Z. 1.1. Profile 1 is that for a
constant mixing ratio of 0.1 ppm; profile 2 is that for 10 ppm up to'2 km and
0.1 ppm above that; profile 3 is that for a constant mixing ratio of.O. 01 ppm;
profile 4 is that representing a sink in the 20-45 km range with the mixing
ratio dropping from 0.1 to 0.0] ppm over this altitude range; profile 5 is that
representing a low altitude sink with an effect up to 9 km, having a mixing -
ratio of 0.01 ppm at 0 km and 0.1 ppm at 9 km; profile 6 represents a low
altitude sink with an effect up to 1 km, having a mixing ratio of 0.01 ppm at
0 km increasing to 0.1 ppm at 1 km; profile 7 also represents a low altitude
sink with an effect up to 3 km, having a mixing ratio of 0.005 ppm at 0 km
and 0.1 ppm at 3 km; profile 8 represents a low altitude sink with an effect
up to 1 km as in profile 6, but having a2 mixing ratio of 0.01 ppm up to 1 km
and 0.1 ppm above. It is important for the mapping measurements to show
the effects of these differences except for profile 4, the effect of which should
be shown in the limb experiment. The total number densities from which the
CO number densities were obtained with the above mixing ratios were taken
from Bortner and Kummler (1968) in which they were derived mainly from
CIRA (1965) representing mean conditions throughout the year for latitude
near 30°,

For purposes hof making calcﬁiatior;s (SeActi'on 7. 3$ to compare

with those of the Convair group (Ludwig, 1970) CO models 9 and 10, Table 2.1.1
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and FiAgure 2.1.1, representing 0.025 and 0. 25 ppm co, were alsq treated.
The optical thickness‘(tota'l nur'riber of CO molecules per cm?
column of sight) is given for the mapping experiment in Figure 2. 1‘ 2 and for
the limb experiment in Figure 2.-‘1. 3. '
The CO2 profile used is given in Table 2. 1‘. 2 and Figﬁr‘é 2.1.4.
The CO2 is based on a constant mixing ratio of 320 ppm. The CH4 profile,
taken from Cadle and Powers (1966) is shown in Table 2.1.2 and Figure

2.1.4, and corresponds to a constant mixing ratio of 2 ppm.

(1) (2)

The three water profiles, correspondingto a dry , normal‘”,

(3)

and a wet' ' atmosphere, were taken from Gutnick, A1962; Oppel, 1963; and
Linquist, 1965; respectively, These are given in Table 2.1.2 and‘Figurﬂ'e. _
2.1.5. These are equivalent to approximately 0.2, 1.5, and 3 percipitable
cm HZO. v | -
The planned satellite experiment may be best carried out in a
polar orbit. Without noting reasons, adv'akntagés, én"d disadvantages, thlS is
excellent for the mappingﬂexperirnent; but restricts the limb measurements
to the polar regions. This is not a problem, however, since above the ti‘opo-
pause, it is to be expected that there is ho‘appreci'able latitude effect on the
concentrations. Keneshea (1971) has calculated the OH concentr_atio‘_‘n at dif-
ferent latitudes and found little variation. Since the chief CO remo:va:.l‘mech-
anism at these altitudes is, in all probability, CO +.OH reaction, the rate of
CO removal should be about constant with latitude. The sn;éill terﬁperéture
effect on the rate constant should not 'causé significant va_riaﬁtion. of CO with-

——

latitude.

2.2 Temperature and Pressure Modeis

F.o.ur‘spéc.if'i;: temperétﬁre 'proﬁ.les were us‘_'ed. These are
shown in Table 2.1.3 and Figure-2..1.6. Profile 1 corresponds to a cold at-
mosphere (AFCRL, 1966);.profile 2 corresponds to an average atnlosphére
(AFCRL, 1966); profile 3 corresponds to a hot atmosphere (AFCRL, 1966);
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TABLE 2.1,2 CONCENTRATION PROFILES™

Altitude - CoO CH C— e i :

(km) : 2 | 4 () : ‘(2)_ - (3);

0 7.8 (15) 5.0 (13) 3.0 (16) 2.3 (17) 4.6 (17)

1 6.8 (15) 4.1 (13) o

2 5.9 (15) 3.7 (13) 1.2 (16) 9.9 (16) " 1.9(17)

3 5.0 (15) 3.1 (13) ~

4 - 4.3 (15)° 2.7(13) -~ 5.1 (15 3.8(16) .7.4(16)

5 3.9 (15) 2.3 (13) . B

6 3.3 (15) 2.1 (13) 1.2 (15) 1.5(16) 2.7 (16)

7 3.0 (15) 1.8 (13) - : ' g-'

8 2.5 (15) 1.4 (13) 4.1 (14) 3.9 (15) . .8.2(1l%)

9 .- 2.2 (15) 1.3 (13) ' o . _—
10 2.0 (15) 1.2 .(13) S 9.1 (13) 5.1 (14) = 1.7 (15)
15 1.0 (15) 5.8 (12) o
20 5.0 (14) - 2.9 (12) 1.8 (13) 5.9 (13) ;1.5 (13)
25 2.4 (14) 1.3 (12) _ ‘ L -
30 1.2 (14) 7.0 (11) 3.4 (12) 8.4 (13) -2.8(12)
35 6.3 (13) 4,4 (11)
40 3.2 (13) 1.8 (11)

45 1.7 (13) - 8.5 (10)

50 8.2 (12) 4.2 (10)

55 4.1 (12) 2.0 (10)

60 2.1 (12) 1.0 (10)

65 1.2 (12) 5.0 (9)

70 . 5.2 (11) 2.4 (9)

75 1.2 (11) 1,0 (9)

80 1.0 (11) 5.0 (8)

85 3.7 (10) 2.1 (8)

90 . 2.0 (10) 1.0 (8)

95 7.5 (9) 4.0 (7)

3.1(9) 1.0

10
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TABLE 2.1.3 TEMPERATURE PROFILES (°K)

Altitude

(km)

O 00 ~NONU b W~ O

257.
259.
256.
252.
247.
241.
234.
227.
220.
217.
217.
217.
214.
211.
216.
222,
234.
247,
259.
259.
250.
248.
245.
234.
223.
213.
202.
211.
218.

()

288.
281.
275.
268.
262.
255.
249.
242.
236.
229.
223.
216.
216.
221
226.
236.
250.
264.
270.
265.
255.
239.
219.
200.
180.
180.
180.
195.

210.

CUVOCOCONTWPOCONRUVAOCOTWNINNINNINONIN

e

302.
295
'289.
‘ 284.
' 277
"+ 270.
. 263.
257.
250.
243,
. 237.
. 203,
206.
221.
232,
243,
254,
264.
270.
263.
253,
236.
218.
201.
184.
177.
177.
184.
190.

NWO— POV O =~ MNRONWR-T-TO b —~00 bk whoo
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profile 4 involves a low altitude inversion layer (up to 2 km), based on aver-
age values for Vandenberg AFB June 1970 (Vachon, 1971). V It is Aimportant
that these variations should have no large effect on the CO measurements.
Any such effects require. detailed accurate supplemental measurements and
make the interpretation of the data much more complex and, for practical
purposes, means that many fewer data can be interpreted. Analysis of such
effects is covered in subsequent sections of this report. .

' ' For calculations, desc¢ribed later, made to compare results of
these ._s'tudies with those of the Convair group (Ludwig, 1970), four other tem-
perature models were used. These are given in Tables 2. 1.4 and‘Figure

2.1.7 as models 5 through 11,

2.3+ Other Atmospheric"Characteristics

In the deve_lopment of the COPE experiment a number of atmo-
spheric characteristics must be considered.. Those of greatest interest are
cloud cover, precipitable water pressure, temperature, and inversion lay-
ers. A report (Vachon, 1971) was prepared which presented a base of de-
tailed information on these characteristics which can be extended or refined.

Significant cloud cover denies the possibility of making the de-
sired observation since radiation (of either the 2.3 or 4. 6y band of CO) does
not penetrate the clouds, The amount of cloud cover has been found to vary
mainly between 0.3 and 0.8 around the world. There is no part of the globe
where there is not an appreciable time when the atmosphere is cloud free.
An empirical formulation ‘was developed to relate the probability of haizing a
cloud-free line-of-sight at various look 'angles as a function of the frequency
of occurrence of scattered, broken, and overcast cloud cover. .

Data on precipitable water in the atmosphere shows vartation
between about 0.5 and 5 cm. Altﬂougl-i there is considerable variation there

are predictable trends for any Aregior-l and season, The knowledge of these

15
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tr-ef)d"s ri::)w appears to be unnecessary as can be vseen’ in later discussions
(Section'7.4). - |
o One effe'c't wﬁich must be considered iﬁ remote sensiag fronﬁ a:
fast >m0\}ing' vehic'ie is the.possibility'of a Doppler shift. If there is a large
velo‘c'ity'c'oli'r'l'p'onerf't in the direction of the observed radiation, there is a
Doppler shift which is determined by Av = u%s- w'here vy is the velocity com-
ponent in the line-oflsight, or Av = UZ' cos @ where 6 is the angle between-
the 1i(13e—of-sight and the vehicle movemept. In the limb experiment, the:
>sate‘1vlite }nay be traveling very nearly direct toward or away from the sun so

. . R - v
that cos 8 = 1, and v is of the order of 7 x 105 cm sec 1. Thus — = Ly is

of the order of 2.3 x 10°. Thus at 2.3u, Av = 0.1 cm’l, and at 4;6u,VAy =
0. 05 ;:'m—.l. These shifts are of the order of a Doppler line-width, which is
t“}}e v_&iidt}; o»f tbe line at the upper altitudes, i.e. those of interest in the limb
expériment. If the technique is spectral and employs a reference cell of any
sort yc_)‘n boérd this is extremely imp_ortant and probably means that the tech-
nique is not suitab}e for the limb measurement, For the correlation inter-

ferometric technique a Doppler shift essentially appears as a phase shift

which can be readily taken into account.

2.4 . The Effect of Scintillations

V-

2.4.1 Introduction: - Scintillations in the light intensity of a beam

are-iAnt.roduced by atmospheric turbulence. When the light from a small

light source of constant intensity passes through a long path in the atmos-
phere, tﬁe energy collected through a small aperture at the other end is not
constant; rathe.r it fluctuates with time. The effects of such fluctuations
(usually called scintillatiohs) on the performancé of a ground-looking scan-
ning Michelson interferometer are discussed here. The output of a scanning
Michelson interferometer is normally a time varying signal. Therefore, any

scintillations in the light beam, before it is collected by the Michelson inter-

18



ferometer, can introduce spurious fluctuations in the wave form of the inter-
ferometer outpui:. However, the effects of sciﬁtillations will be negligible
if the amplitude of_these 'scintillatiqns turns outA,.tq be smaller than the error
of digitalization in the in_terf.erometer,o.utput wave form. First; v?e shall
qualitatively explain why the .s.cintillati;m effects will not be significant with
the earth-looking interferometer. Next, we shall quantitatively determine

the extent of the effect of scintillation on the interferometer data.

2.4.2 Qualitative Explanatiohﬁ - Itis geﬂérally said th‘at(tAo fhe eye.,
stars, which have.an'a'ngulé-r subtense .of a hundredth arc sec or'l'é;‘s, ap-
pear to twinkle. On the other hand, objects of la'rger angular sub.tense‘:
such as planets, which have angular subtense from several arc secs to 307
40 arc sec - do not. Consider Figure 2.4.1 and suppose that with a receiver
(2 telescope or the pupiI‘of fhe eye) of diameter, d, on thewg‘robimd we obs'ervé
an object outside the earth's atmosphere, subtending an angle 8. For the
purpose of scintillations, we 't.ake'the height of the *'top" of the atmoépheré )
as 100 km. (The éxact value of the height of the 'top' is not important for
the pxj:esent di.scussion.) For an eye-pupil, AD =d = 6 mm so that, if the
object is a star (9 > 0.01 arc sec), BC = 10 mm. On the other hand, if the
object is a planet (6 = 20 arc sec), BC =~-10,000 mm (10 meter). Thus, in
the case of the planef, it is the‘ .ihcreased number of atmos'phefic'turbulence
eddies perpendicular to the line-of-sight and -within the light cone ABCD
that are responsible for reducing the scintillations and stabilizing the inten-
sity.

If we view a star (8 = 0.01 arc sec) with a 100 cm aperture
telescope, then AD = 100 ¢cm and BC = 100 cm, and again the number ‘éf
turbulence eddies perpendicular to the line-of-sight will have increased
and, consequently, scintillation will be decreased. This is, of course, an
observed fact: scintillations become negligible when photo-electric measure-

N

ments of the brightness of a star are made with a large aperture telescope.



. OBJECT OUTSIDE
THE EARTH'S
“ATMOSPHERE °

"TOP" OF. THE . ¢
ATMOSPHERE

TURBULENCE EDDIES
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GROUND.
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Figure 2.4.1 Geometry for Consideration of Scintillations
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The situation of an earth-looking scanning Michelson interfer-
ometer is shown in Figure 2, 4. l_h.' ’ Consider va‘n"ivht;er'fero.rrief‘:er receiver of
diameter, AD, 3-inches. Then for .a wavAelengAth'iof"Z L;,:-and resolution, Av,
of 0.5 cm-l, the throughput is 0. OOl'é»(‘cm2 ster), which gives B=6x 10-3
radians (= 1200 arc sec) and therefore A’ D = 600 meters and BC = 1200
meters. Even if the he1ght ‘of the satelhte or that of the "top' of the atmos-
phere is differeht from the above values, it is quite evident that, due to the
large value of 8, d1mens1ons A’ D and ‘BC of F1gure 2.4.1b will be very much
larger than the corresponding dimensions for the case of a planet or a large
aperture telescope considered above. Consequently there will be a very

large number of turbulent eddies in the direction perp'endicular to the line-

of-sight and the effects of the scintillation will be negligiﬂb'le..

ca . s e

2.4.3 Criterion for "Significant'' Amount of Scintillations: - The in-

strument used for this purpose will be a Michelson interferometer in which
the beam of light falling on the ins'ffdment is split with a beam splitter into
two mutually coherent beams which are then made to 1nterfere w1th each
other to produce'Haidinger fringes. . Light from the central regmn of this
fringe pattern is collected hy a photo detector and the output of the instru-

" ment is an electrical signal. The spectral nature of the radiations is ana-
lyzed by varying the optical phase difference between the two beams and re-
cording the fluctuating electrical output; that is, the interferogram. The
fluctuations in this recorded signal contain the information on the epectral
properties of the radiations. However, the light beam falling on the 1nstru—
ment fluctuates in 1ntens1ty The observed mterferogram w111 have spurious
fluctuations resulting from the modulation of the interferogram by light in-
tensity fluctuations. In Section 2.4.5, therefore, we shall 1nvest1gate the
influence of incident light beam intensity fluctuatmns upon the energy spec-

trum obtained with the interferometer.

21



2.4.4 Additive and Multiplicative Noise: - Before we make quantita-

tive calculations of scintillations, we must point out the distinction between

multiplicative and additive noise.

2.4.4.1 Additive Noise: - Let the amplitude of the noise be

independent of the signal. This will be the case with digitization noise.

For a six-bit word, the digitization noise amplitude will be: 1/26 = .016 =
1.6%. Under such a situation, the gréater the b#nci\x;idth- --(i.e. the greater '
the phase difference for scanning) -- the spikier the reconstructed specétrum.
Therefore, to reduce digitization noise the path difference for scanning
should not be greater than that dictated by the needs of spectral resolution.
Conversely, even a small additive error can produce large errors in the re-
constructed spectrum if the bandwidth of the scan is largé. Of course the
greater the amplitude of the additive noise (e.g. digitization noise) the
greater will be the amplitude of the spurious spikes in the reconstructed

spectrum,

2.4.4.2 Multiplicative Noise: - The noise is multiplicative

when it is dependent upon the signal level, i.e. when the amplitude of the
noise is a certain fraction of the instantaneous signal. For example, let the

true interferogram be Fo(u:) giving a true spectrum, fo(,\).
Then,
€0 =F[F(o)
where represents the usual linear operation of Fourier transform of a
real signal. Let the .mult;lplica‘tive noise be a fraction, €(w), of the signal,

F(w), where the value of fraction €(w) is a random variable. Therefore the

observed interferogram can be represented as

Fobs(%‘) = F (&) + €(w) F_(w) = [1 + E(w)J F_(w)

22




Therefore the observed reconstructed spectrum will be

£, 0 = '}T[Fobs(w)] ?[Fo(w)] ¥ ;[em):] Fo(w.)],

£.(0) +"ﬁ[€(w) Fo(w)].

The error in the reconstructed spectrum therefore will be
Af) = £ () - £.0) = F[€() F(w)].

But, since €(w) is a random variable,
< ' < P = . .
7[ (w) Fo(w)] lemaLxl 4 [Fo,(w)] IErnauxl_ fo()‘)

where Gn ax is the maximum likely fractional error in the interferogram.
1

Consequently, the maximum likely error in the reconstruction spectrum -

will be

The effect of light intensity scintillations will be a
multiplicative error on the observed interferogram and the reconstructed
spectrum. Therefore, for example, if the scintillation amplitude is 1%, the
error in the observed intensities in the reconstructed spectrum will not be

more than 1%,

2.4.5 Calculation of the Scintillation Effect: - The effect of an atmo-

spheric refractive index inhomogenity on the light propagating through tur-
bulent atmosphere and the consequent scintillation effects have been investi-
gated by various authors, as noted in the following discussion. We shall
make use of these investigations in calculatiné the magnitude of the scintilla-

tion expected from an earth-looking satellite.
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An exact mathemat1ca1 des cr1pt10n of atm ospherlc turbulence

is not possible. However, with some reasonable assumptlons, the problem
becomes tractable .In the work of earlier investigators the atmospheric
turbulence 1's‘a.;sumed to ‘be homogeneous and isotropic and the spectral. en-
ergy d1str1but10n 1n the turbulence is assumed to be g1ven by the Kolmogoroff
theory'.: Let C (p) be the convariance of the log-amplitude. between two mea;-
surement po1nts sepa_rated by a distance, P Then, scintillations in.a laser
oeam traveling .through a uniform atmosphere héve_f been calcula-ted by Fried
and Seidman (1967) showing that for p = o, CL (»O)-can be.writte'nv' as a product

of-two factors:

C,(0) =-C 7(0)-f (@) . e Eq. 2.1

where ‘the f1rst factor, LS(O)',‘.‘the vv‘a‘.lu‘ewof CL(O‘) as.s’o'ciete‘d with a point

source, is g1ven by
716 1_1/6,"CN2_~' Eq. 2.2

T . RE

CL‘S(O)’ =’ ‘constant-k

-. 2 . , - 2 N G
= Ani 3 = wavelength of light, z = path length, and CN is the refractive

index structure.constant). The second factor'is-a function of the ‘péférheter'

(k =

L (where Q = kozoz/z,’ and’a is the linear source size). The value 'of‘f(}Q)'i’s'l '
given by Fried and Seidman (1967, Equation 4.12). '

+s - - For the case of an earth-looking ‘satellite, the atmosphere in =
the line-of—sight'ié not uniform and therefore-CN:‘Z" is not a constant. ‘Based
on the data presented by Hu_fnagel(1964), it has been‘shown (Fr1ed and Cloud

1966) that the value of C at an altitude, h, is given by:

2 -14 _-1/3 A .
CN = 4.2 x 10 h exp(-h/ho)3 B Eq: 2.3

where the scale heighf, ho, is 3.2 x 103 meters. Fried (l9o7b) has made:
. : . - : 2
an evaluation of C{(O) and fn(ﬂ,) for the case of altitude dependent CN given

" by Eq. 2.3. Following him we can derive:
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CS(O) 0. 122s ;/16 el:___3_17/6 o 4
& ] ) o x v «
where the wavelength, ); is in microns. For \ = 2.3 microns aﬁc'l‘ 6=0;
(O) = 0.122, i.e. for a point source on the ground C (O) = 0. 122
To calculate the magnitude of sc1nt111at1ons we first calculate

the fractional 1etens1ty variance CI(O) from the relation (Fried, 19673.)7
c o) = exp’[4C;L(O)J -1 . -, Eq. 2.4
"thus for C,(0) = 0.122 we get:
CI(O) = 0.629.

Noting that the above value is for fractional intensity and comparing Eq. 4
of Fried (1957a) with E>q. 13-13 of Tartskii (1961), we obtain the RMS devi-
ation of the scintillation = /0.629 - .79 > 80%.

‘The above RMS value of scintillation has be.en ‘obtained for a
point source on the ground. .Hewever, the Michelson interferometer on the
satellite will have a field-of-view of, say, four degrees (whieh gives 3.8 x
10-3 steradians for a circular field-of-view). This increase in the field-of-
view will decrease the magnitude of scintillations, |

Fried has evaluated the function { (Q.) 1=¢C (O)/C s(O) that
gives the reduction in C (O) with mcreasmg value of the source size param-
eter, ). This dependence of C (O)/C (O) on ) is shown in Figure 2, 4.2,
For our case of an earth-v1ew1ng mstrument in a satellite we put ) in a
more useful form:

_ whz sec 6

0 -
Ah

where
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w = solid angle of the field-of-view in steradians,

h = height of the satellite orbit about the gzlound, o

: : 3
h() = scale height of turbulzence (3.2 x 10" meters), )
6 = zenith angle of the instrument with respect to the

source point on the ground, and

A = Wavelength.

To calculate the upper bound on the magnitude of scintillation we take: :.

w = 10'-6 steradians (for two arc minute field-of-view)
5
h = 10 meters
3
ho = 3.2 x 10 meters
o = 0
-6
A = 2.3x10 meters
6

Thus, = 10 .

This is a very large value for  and from Figure 2, 4.2 it is quite clear that

the value of CL(O)/CLS(O) for Q = 106 is essentially zero (less than 10-»6).
-6

Since CLS(O) = 0.122 as calculated above, CL(O) < 0.122 x 10 ~ therefore

c,(0) = exp[4C£(O):| -1 <0.5x 1078,
and the RMS value of scintillation amplitude will be less than 0.07%. There-_
fore, we conclude that, for the above described technique of measuring car-
bon monoxiae with a Michelson interferometer on an orbiting satellite, the
effects of atmospheric scintillations will be less than 0. 1% in the recon-
structed spectrum. |

It should be noted that for caiculati.ng the upper bound for scin-

tillation, we have already chosen the greatly exaggerated values for the
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parameters. For e;c_arpplg, we have taken w = 10.6 radians while the actual
value will be 4 x .10-3 radians or greater. Similarly the height of the satel-
lite will be.much g;‘eater than 105 meters chosen here. For the situation in
qugas,tion, ‘therefore,. the conclusion is that the effect of scintillation will be

Ny e T A

negligible.

28



3. | SPECTRAL CONSIDERATIONS

3.1 The CO Infrared Spectrum

The infrared spectrum has been discussed in detail elsewhere
(Bortner and Kummler, 1971). The two bands under consideration herein
are the first overtone band centered about 2. 35 u and the fundamental band
centered about 4. 67 .. The positions and the energies of the various rota-
tional lines of these bands is given in Table 3. 1.1 for the first overtone band
and in Table 3. 1.2 for the fundamental band. The line strengths of the lines
of each band are given in Table 3.1.3. It can be seen that the funaamental
band is stronger than the overtone by a factor of the order of 100. The fun-
damental is less interfered with by absorption due to other atmospheric con-
stituents. The‘overtone band is capable of much simpler interpretation, be-
ing much less affected by atmospheric temperatures, ground temperatures,
and ground emissivity., As seen in Figure 3.2, 1 the radiation seen in this
experiment in the overtone band region would consist almost exclusively of
reflected sunlight while that radiation for the fundamental band region would
be mainly earthshine with some effect of reflected sunlight and serious atmo-

spheric emission effects. These factors will be discussed later.

3.2 Intensity of Reflected Solar Radiation and Earthshine

3.2.1 Solar Reflection: - The solar radiation reaching the earth and

being reflected can be calculated for any wavelength as follows. From black-
body radiation tables (Bowen, 1963) the radiént intensity, J, for a 5900K

blackbody is calculated to be 9.3 x 101 watt cm-z sr“1 u,-l at 2.3 p and 8.0 x
100 at 4.6 . The averag‘e ifradiance, H, incident on the earth's atmosphere

(and incident on the earth's surface in the absence of any atmospheric atten-
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TABLE 3.1.1 ENERGY & WAVELENGTH OF VIBRATION-
ROTATION LINES OF CO (2-0)

o
L]
o

1-
2-
3s.
4=
5-

b=
7-
8=
9=

193~

11-19
12-11
13-12
14-13
15-14

16-15
17-16
18-11
19-18%
23-19

21-20

22-21
23-22
24-23
25-24

26-25

27-26.

28-27
29-28
323-29

31-30.

32-31
33-32
34-33
35-34

36-35
371-36
38~37
39-3%
40-39

R BRANCH
4 :

cm”?

4263.831°
4267.536
4271179,
4274.734

4278.227.

4281+ 649

A28S.333

4288.282
4291+ 488
429 4. 625

42974690
4330« 684
4303+ 635

43D 6e 454

4399.231.

4311935

4314.567
4317.125

- 4319.611

4322.224

43240363'

43264628
4328.821
433%.939
4332.983

43344953
433 6+ 849
4338« 67)
4340 . 417
4342.089

4343. 656
4345.228

" 4346+654

4348.026
4349-32‘

4350 « S 41
4351+ 685
4352. 753
43536 745

43544660

2-0

.x(u) -

2. 34531
2034327
2.34128
2033933
2.33742

2433555
233372
233194
2.33019
2.32849

2.32683
2.32521
232363
2.32210
2.32060

2.31914
2.31773
2.31636
2.31582

2431373

2.31248

2.31127

2.31019
2. 30697
2.30788

2.30683
2.30582

232485 -

2.38393
230324

2.30219
2.30139
2.30262
2.29989
2.29921

2.29856
2429796
2.29749
229687
229639

/
J =-J

(]
]

2-
3~
4~

5=
6~
1=
8-

-—
SV IRN VD WN—

O
k]

13-11
11-12
12-13
13-14
14-15

15-16
16-17

17-18
18-19
19-20

29-21
21-22
22-23
23-24

24-25

25-26
26-27
27-28
28-29
29-30

32-31
31-32
32-33
33-34
34-35

35-36
36-37
37-38
38-39
39-40

P BRANCH

cnafl

4256.211

- 4252296

42484311
A4244.257

4240133
4235.949 .

4231678
4227347

4222.947

4218.479

4213.942
4209.337
420 4. 664
4199.923

4195.114

4199.237
4185.293
4180.282
4175.283

'4170.058

41 64. 845
4159.567
41 54.221
4148.810
41 43.332

4137+ 788

C 41324179

4126504
4120. 763

4114957

4109.086
4133. 150
40970‘49
4091083
43840953

4378« 759
4072+ 501
4066.1178
4059. 792

14853+ 342

\fu)

2434951
2.35167
2.35388
235612
235842

2.36075

2.36313

2+.36555
2.3680)
2.37952

2.37307
237567
237831
238100

2.38373

2.38650
2438932
2.39218
2.39539
2.39885

2.40105
2.40419
2.43719
2.41033
2.41352

2+41675
2. 422903
2.42336
2.42674
2. 43016

2¢ 43363
2¢4371S
2¢44372
2+44434
2¢ 44801

2.45173
2445549
2.45931
2.46318
2.46712



TABLE 3.1.2 ENERGY & WAVELENGTH OF VIBRATION-
rROTATION LINES OF CO (1-0)

R BRANCH
7/

CM_y

-2147.983 "
0153.858"
~21 544598
2158.321"
2161970

"2165.632
2169.198 °
40 60244
“4¢ 59499
"40 58764

" 4.58239

2172.759

2176.282
"2179.772

2183.220
21864634
"2197.211

21934351

"21964653
2199.918

2223+145

' 2206.334
2229.486

22124599

' 2215.674

2218713

2221.708
2224.667

2227.587

22332+ 469.
2233.310

22364113
2238875
2241.598

22444281

' 2246+.924

2249.527
2252.989
22544611

| 2257.092.

2259532

. 2261931

2264.289
2266+ 635

Ap) -

4o 65748
4+ 64931

P40 64124

4. 63327

T4 62541

2061765
4. 61700

4¢ 57324
A+ 56619

4455923

4. 55238

4054562
. 4+ 53897
4. 53243
4052594

4. 51957

4.51339
4.523712

4452104

4¢ 49525

4.48916
A4.48336.

4047766

" 4447235
. 4+ 46653
" 4446110

445577

44 45953
" 4. 44538
. 4044932
4643536

4. 43048

4442579

4. 42100
4. 41640

4. 4] 188

0-
1-
2=
3-
4=
S-
6'
7-
B

19-11¢
11-12

12-13

13-14
14-15
15-16
16-17
17-18
18-19
19-22
29-21

21-22
22-23
23-24
24-25

25-26
26-27
27-28
28-29
2930
38-31
31-32
32-33
33-34
34-35
35-36
36=-37
37-38

38-39.

39-49

QUVURIr VD OLN-

/P BRANCH

oM™}

+2139. 428
. 2135 548

2131.634
2127. 684

212370V

2119. 683
21154631

2111545
12107. 426"
'2103.273

2299.086
2394.867
2090.614
2086.328

1 2382.010
20774659
' 2273.275

2068.860

2D 64. 412

2059.932

2355. 421
2050.878
27464303
2041.697

2337362
2032.393
2027. 694

2022.965
2018.205

2013.4151

22284595

1 2923.745

1998.865
1993.956
1989.017

1984049

1979.951

1974.025

1968.971) .

1963.886

)

.40 67415

4. 68264
4. 69124
4. 69994
4+ 712876

471769

4. 72672

4.73587
‘4.74513

4075449

4.76398
4.77357
4.78328

T4.79311

4. 82305

4.81311
4.82329

483358
4¢84399

4.854S53

4.86518
0087596
A4.88686
4.89789
4.92903

4.92331

493171
4.94324
4.954909
4096669

4.97863
4.99065
5.22284

 5.1516

5.0221761

'5.04220
'5.25293

506579

5.0 7889 -

539194
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TABLE 3,1.3

CO LINE STRENGTHS (cm ™

FUNDAMENTAL

(Benedict, 1962)

OOOOOOOOOOOOOOOr—"—NNwﬁmO\'\lmm\O\O\O\OW\_Imwl—-

R P
.970

. 878 1.927

. 643 3.707
100 5.251

. 261 6.491

. 059 7.386

. 482 7.920

. 544 8.105
.286 7.980

. 760 7.591
.032 7.002

. 170 6.278

. 240 5. 480

. 301 4. 665

. 400 3.876

. 568 3. 145

. 830 2.494
.196 1.934

. 668 1.486
.241 1. 091
.904 0.793

. 645 0. 566

. 451 0.395

. 309 0.290
.208 0.181

. 137 0.119

. 0884 0.0766
. 0589 0.0483
. 0349 0.0300
.0212 0.0182
.0127 0.0108
.00743 0.00634
. 00427 0.00364
. 00241 0.00205
. 00134 0.00113

2 1

)

atm”

OVERTONE
{Kostkowski, 1961)

R P
.0163

. 0321 .0158

. 0467 .0303

. 0592 . 0428

. 0691 . 0527

. 0760 .0598

. 0797 . 0638

. 0805 .0651

. 0785 .0638

. 0742 . 0604

. 0682 . 0555
.0610 . 0495

. 0532 .0430

. 0453 . 0365
.0376 .0301

. 0306 .0243

. 0243 .0192
.0189 .0148
.0144 .0112
.0107 . 00828
.00779 . 00597

. 00557 .00423
.00390 .00294

. 00268 . 00200
.00180 .00133
.00119 . 000872
. 000765 . 000556
. 000486 . 000350
. 000302 .000215
.000184 .000130
.000110 .0000770
. 0000642 . 0000446
.0000371 . 0000254
. 0000209 . 0000142
. 0000116 . 0000078
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uation is (Thekaekara, 1971) 6.8 x 10_:3 watts cm-z g,-l at 2.3y and 5.5 x
10-4 watts cm-2 u,-l e;t'4.6u. ' } |

The reflected solar radiation, N, from the earth's surface is
the

=2 -1 -1 " pH
N (watts cm  ster p ) = 233

- -2 1 o-1 o
The values of N are thus 2.16 x 10 3 p watt cm  ster p  at 2.3p and

- -2 -1 - cps . -1
1.68 x 10 4 p watt cm ster 1 o ! at 4. 6 u. The intensities (in watt cm

sr ! 4 ) are shown in Figure 3.2.1 for various reflectivities.

3.2.2 Earthshine: - From blackbody radiation tables (Bowen, 1963)

the radiant intens’ity‘;is given for a 300 °K blackbody and by the ratio

R l.439x104)\ x 300
T e -

R300 e1.439 X 104)\ T

l .

1

-2 -1 -1
the intensities (watts cm sr p ) for 273.2 and 288 K blackbodies were

calculated giving the following, as shown in Figure 3.2.1.

Tg 2.3 4.6

273.2 2.0x 108 6.15 x 10°
288 7.54x10°°  1.11x 10'4
300 1.60 x 10”7 1.71x10'4

3.2.3 Ratio of Reflected Solar Radiation and Earthshine Intensities: -

The ratios of reflected sunlight to earthshine at 2.3, are thus
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. 273.2K

288K

2 x 103 5.4 x‘lOZ
1x 10 2.7x10°
1x10_5 b 27w 10t

300K

2.5x 102

1.2 x 103

1.2 x 10

and the ratios of earthshine to reflected sunlight at 4.6 are

P

0.02

1.0

T :

g

273.2K 288K
] 1
1.78 x 10 3.20 x 10
3.56 x m_o_ 6.40 x 10°
-1 -1
3.56 x 10 6.40 x 10

300K

PR

4,95 x 101<

9.90 x 190

' |
9.90 x 10
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4. RADIATIVE THEORY

4,1 Theory

, To study the feasibility of the CO density measurements and the
effect of various atmospheric parameters on such measurements, calcula-
tions have been ﬁade using the radiative transfer theory described in this
secti‘on. First, the physical model and solution thereof are presented and
then the physical parameters and their scaling relationship with altitude are
defined., ' .

The model includes absorption and emission of photons along a
ray from the source to the detector. The two geometries considered are di-
rect solar observation - limb experiment, and absorption of the earth‘é al-
bedo - mapping experiment, Provisions are made for adding earthshine to
reflection of sunlight from the earth's surface. However, phenomena such
as scattering resonance fluorescence and radiation trapping have been ne-
glected. Boltzmann populations as described by the local atmospheric tem-
perature have been assumed for the upper and lower states of all transitions
and the line profiles are given by the Voigt function at all altitudes.. Doppler
shifts as caused by atmospheric winds and by relative motion between the
atmosphere and the satellite have been neglected.

The monochromatic radiative transfer equation is given

(Chandrasekhar, 1960) by:

dIv

— € - I a . E : . 4. 1

ds v v Vv 9
Where:

IV = spectral intensity (watts /crri3'—ster-cm—1)

S. = distance along ray (cm)
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2 -1
spectral emission coefficient (watts/cm -~ster-cm ),

m
H

v a function of S
av = spectral absorption coefficient (cm_l) » a function of S
Formally,
- . ’ ’ ” ‘
IV = C exp(-j'avdS_ ) + exp(-favdS ) J €, expl:u[‘ozvds_ ] ds’ Eq. 4.2

i

For the limb boundary condition:

z . ’
_ z " z ” S ” !
IV(Z) = Io, Vexp(-J; aUdS )+ exp(-‘J; avqs ) jo eyexp(fo avdS ) dS

or Eq. 4.3

_ . .
zZ ” z ”, ’

1 =1 - + f - ds”y as Eq. 4.

2) = 10 expl J‘o o ds”) R exp( fsl @ 45" q. 4.4

The geometry for this situation is shown in Figure 4.1, 1,

For the mapping experiment, two conditions are required.i The
solar energy is attenuated as it penetrates to the e:étrth's surface. At this
‘point, it is reflected and the total intensity increased by earthshine. The
resulting flux is then further attenuated by fhe.atmosphere until the satellite
" is reached. It is pointed out that atmospheric emission which is reflected
by the earth into the field-of-view of the detectof is negiigible and therefore
not included in the model. The geometry of the mapping experiment is given
in Figure 4,1,2 and is described mathematically by Equation 4,5,

z

Z z
- r 1 " 1 ! 1 24, I1
= o, LIo’erxp(—J; ads”) + [ e exp([ a ds’)ds’|  Eq. 4.5

I
v o) S

Z 2
4,
+ 1 exp(- [a dx) + |

z
€ exp(-lr o dx”)dx’
v r Vv
o o X
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Where

s 2
earthshine (watts/cm -ster-cm ')

I
e

p earth reflection coefficient

14

Equations 4.4 and 4.5 have been numerically integrated along the rays indi-

cated in Figures 4.1. 1. and 4.1, 2 using Simpsop"s rule. The properties €

and o are functions of altitude which must be evaluated prior to integration.
v .

This is considered below.

On a microscopic basis, for a single rotational line (Kulander,

1964),
nuhcv
= = A Eq. 4.6
€ €y 4n ut Py 4
hcy
= - = - B § — E ¢ 4‘-7
av (aA OtS) CPV (n{, BLu nu uL) 47 v b
where
®, = Voigt profile (1/cm-1)
' 3
n , nL = upper and lower state number densities (particles/cm ")
u .
hcy = energy per transition (watt sec/transition)
. -1
a, = absorption coefficient (cm ~/cm)
-1
g = stimulated emission coefficient (cm ~/cm)
A L = Einstein coefficient for spontaneous emission
a ‘
Transitions
Sec. Particle ;
BL = Einstein coefficient for absorption
u
Transitions Cm-Ster
Particle Watt Sec.
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B = Einstein coefficient for stimulated emission

ud
' Transitions Cm-Ster

Particle ) Watt Sec.

It is noted that the definition of the Einstein coefficients is arbitrary but that

they are related by Kirchoff's Law for equilibriurni at temperature, T.

€ = B (T . 4.
v v( ?au . Eq. 4.8
: 2 3.
: _2hc vy 2 -1
BV(T) = “heo/RT (watts/cm -ster-cm -)
. e -1 el
Thus,
A = B - ' : .
"u ud . (n{; fu "u Bu»f,) BV(T)M IR Eq. 4.9
or
23
A B 2
ut/ By ) he v Eq. 4.10
(n£ B{,u/nu BuL) exp(hcv/}(T)-l
But, at equilibrium the Boltzmann distribution is:
n g
<L = L exp(hev/kT) | Eq. 4.11
a g, 4 R S o :
and by comparison
8,807 8, B Eq. 4.12
A = B ¢« 2hc v ; ’ Eq. 4.13

uf ul

The Voigt profile, ?, is defined interms of the Dof)ple} and Lorentz half
widths, i.e. half the line width at half the peak intensity (Armstrong, 1967).
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Where

(an K(x, ¥)

y +(x-1t)

Kix,y) = %fzﬂ-%_t)__dt

it

o
'&—I: (IDZ)I/Z

D

(v-v) ‘
2 (an)l/Z
op.

-1
Doppler half width (cm )

v )\ 172
- —° Z2R(n2) T = 3.58x 107

c M
. . -1
Lorentz half width (cm )

T/2nc

1'4*"’1.2 o( )

2
21 ¢

gas collision frequency (sec-l)

pressure (dynes/cmz)

v

o

. _ . 2
optical collision cross-section (cm )

I
M

Eq. 4.14

Eq. 4.15

Eq. 4.16

Eq. 4.17

Eq. 4.18

1/2

cm

Eq. 4.19

reduced mass of the colliding species (gm/gm mol)

gas constant (erg/gm mol °K)

temperature (OK) _
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4
"

o Avagadro's number. (particles/gm mol)-
c- = velocity of light (cm/sec)

‘The Doppler and Lorentz widths are functions of temperature and pressure

and thus are easily obtained at any point along the ray from the atmospheric

properties. The integral, K(x,y), is then calculated dsing a subroutine de--

veloped by Armstrong (1967). It should be noted that

w

Jr K(x,y) dx = 7

-0

1/2

The emission coefficient number density product necessary for Equations
4.6 and 4.7 is most easily obtained by scalmg experlmentally derived line

strengths which are defined as (Penner, 1959, p.20):

1 -N- h -1'
S, * 5 TD" w“ [1 - exp ( C" Eq. 4.20
* gmey e
Where
. -2 -1
S = line strength (cm -atm )
Lu .
v = wavenumber (cm-l)
P = pressure (atm)
N = lower state population for conditions where S  is

1 3 Lu
_ measured (particlés/cm”)

g g{z statistical weights (27 + 1)
A = Einstein coefficient

Transitions
Sec. Particle
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Using equation 4. 11 and rearranging

20
n 8mcy P s Eq..4.21

wfas T [exp‘(hc'u/kf)_l] "ta

Where
n = upper state population for conditions where SL is measured.
u
(particle/ cm3)
But
n n — : -
cu__t 9 exp(-hcy/kT) Eq. 4.22
) n Q ~ exp(-hcy/KT) . : :
u t E
Where
n, = total number density
Q = partition function
E =

upper state energy
Thus, combining Equations 4.19 and 4.20

L es|repiog]

u ud Zu [exp(---—-=-— -l]

Eq. 4.23

:’l' =]

Q
Q

If several lines contribute to the absorption at a speciﬁc wavenumber, the
total absorption coefficient is obtained by summation. The computational
algorithm then uses S,  ~as a basis. n A from Equation 4.21 gives
lu u ul
(n, B, -n B L) from Equation 4.9. This, in conjunction with cpv,’ leads
u u

Lu
to ¢ via Equation 4.7. Equation 4.5 can then be integrated over altitude.
v ] .



4,2 Synthetic Spectrum - Fourier Transform Program

4.-2.1 Introduction: - Early in the development of this program it be-
came necessary to devise a means for simulating the types of measurements
to be perfo’rr,ned. Because of the complexity of the 'atrnosphéric spectra, a
digital computer simulation appeared most suitable.’

A cémputer program was required which would compute the
transmission spectr‘uni of the é.f:mospheré over sofne'.f)redefermined infrared
region for multiple gas specieé with ov_erla.pping spectf?, | té,king into.account :
that for certain strong transitions the atmosphere is not optically thin, The
.program must be able to include the effects of a bandpass filter to simulate
the bandpass of the measurement instrument. Since the instrument is an
interferometer, 'rather than a spectrometer, the Fourier transform of the
spectrum must be obtained to simulate the in_strumeﬁt output,

. A computer program was written for use on the Langley Re-
search Center - CDC computer system which computes theoretical absorp-
tion-emission spectra of the earth's a&hdsphere as would be observed by an
exo_;amOspheric detector, and the Fourier transform of the spectrum, The
program permits computation of a spectrum for three possible geometric
cohﬁgurations.. Case 2 is for use when the instrument looks directly at the
sun through the earth's atmosphere”. It calculates transmission, including
absorption and emission of solar radiation through the atmospheric limb.,
Cases 1 and 3 are for use when the instrument looks downvs}ard. Case 3 cal-
culates absorption of solar radiation reflected off the surface of the earth;
while case 1 calculates transmission, including.absorp'tion and exhission, of
blackbody radiation emitted by the surface .;)f the earth, Geometry of the-
cases considered are shown in Figure 4,2,1, Geometry case 1 is used when
blackbody radiation of the earth's surface &ominatés xs_olé.r‘ radiation, This

occurs at wavelengths greater than about 4. Since temperatures in the at-
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Flgure 4.2.1 Geometries of Atmospheric Transmission Calculations
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mosphere are comparable to the surface temperature, the effects of emis-
sion within the atmosphere itself must be included in the computation of the
spectrum in addition to absorption. Conversely, geometry case 3 is used
when solar radiation dominates blackbody radiation from the earth's surface,
which occurs below about 4u. In this case, the source temperature is far
greater than the atinospheric temperature and hence only absorption in the
atmosphere need ibe considered,

Spectra are computed for atmospheres comprised of up to three
gaseous components, having a total of 150 discrete- absorption lines. Inputs
to the program consist of a list of molecular absorption lines to be included
in the symthetic spéctrurn, some thermodynamic properties of the constitu-
ent gases, the physical properties of the model atmosphere to be employed,
and the limits of the spectrum to be synthesized, Since the object is to sim-
ulate the spectrum arriving at an exo-atmospheric instrument, it is also
possible to superimpose a bandpass filter on the spectrum., Outputs from
the program are tabulated spectra, plotted spectra and Fourier transforms,

and the Fourier transform punched on cards for additional processing,

4,2,2 Theoretical Problem Formulation: - A detailed formulation of

the problem is given in Section 4,1, The problem consists basically of com-
puting infrared atmospheric transmission spectra as determined by absorp-
tion and emission from molecular rotational-vibrational transitions of the
atmospheric constituents,

As shown in Section 4.1, the basic equation which is to be
solved (Chandrasekhar, 1960) is Equation 4.4, The first term of this ex-
pression gives the absorption of incident radiation between the source and
the top of the atmosphere. The second term gives the additional radiation
contributed by emission in the atmosphere, as diminished by absorption by
the part of atmosphere lying between the emitting part and the top of the

atmosphere., This expression gives the net intensity at the top of the atmos-
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phere at a single frequency. The program described herein solves this ex-
pression for enough frequency values to define a spectrum over some de-

sired frequency range.

4.2.3 Program Structure: - The program solves the radiative trans-

fer equations set forth in Section 4,1 for an input set of molecular transi-
tions and an input model atmosphere,’

Theoretical spectra may be calculated which cover frequency
ranges of several hundred wavenumbers. Since at each frequency point the
entire set of radiative transfer equations must be solved and integrated
through the atmosphere, the problem program is clearly CPU bound. In
order to keep processor time within reasonable limits, use is made of data
tables, calculated initially and then combined in proper sequence to produce
absorption and emission coefficients. Although this approach conserves
execution time, it does so at the expense of core storage. To conserve core
storage, an overlay structure is used, resulting in the following storage re-

quirements (numbers given are thousands of words, octal):

Main segment, including I/O buffers 10

Overlayed segments 4
Common block .44
System, including plot routines 15

Total 75

This is equivalent to about 32,000 decimal locations, To fur-
ther conserve storage, extensive use is made of the EQUIVALENCE state-
ment to reuse storage locations of data tables, Some arrays are used for
storage of four different tables at different pbints in the program,

The program is written entirely in FORTRAN IV. An overall
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view of general _p_rogf_a.m flow is given below, fo‘llo:wed :by_a defaiiéd descrip-
tion of individual components, A listing is gi%r,en in Appendix A.

4.2.3.1 Program Flow: -.As noted above, the overall con-

struction of the program involves the generation of data.tables which are
combined to prodice the desired absorption and.emission coefficients, which
are then used .to compute the overall transmission. - The following is.a gen-
eral outline of the sequencé of operations in the program, These steps fol-
low to a great extent the development of the theoretical model given in Sec-

tion 4,1,

_St_ép_d;l_. -' Calculate Voigt Profiles - tables of constants are
‘calculated which are used in detérmiining the Voigt function. Tables
are calculated for varying values of the Voigt function parar‘ﬁe}“:éfs:v
‘X, the displacement between 'fre'{qilency"o'f interest and the line cen-
ter frequency; and Y, the ratio of Lorentz to Doppler broa"deni'zig'.

Stép 2. - Calculate Atmospheric' Tables - model atmos-
‘phere parameters are read in, including é.tmoéphei‘ic témpera-'
‘ture, preéssure and species concentrations as a function of altitude.
Data are read in defining the desired geometry case;, and atmo-

"$pheric properties are computed for poiﬁts along the radiation
path. Tables of constants are calculated \k}l-ri‘ich’willlbe'dse‘d in
computing the Lorentz and Doppler widths as functions of altitude
and species type. . .

Step 3. - Calculate Line Tablés - line information for all
‘molecular 14'1'nes‘ to be included in the ‘spectrum 'is read in and !
' sorted by fréquency. For each line a frequency band is detfined
“which is thé frequeéncy region in which each particular line must
‘be considered. »

| §_1£}_)_§'.'- Calculate Absdrption and Emission Coefficient

Factors - for each line at each altitude an absorption and (if re-
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quired for the desired geometry case) an emission coefficient is
" calculated, The coefficients are calculated for the line center

3

frequency. .

Step 5. - Calculate Spectrum - for each frequency within
the desired spectral‘x;egion the frequency bands defined in Step 3
are searched to detefmine which lines must be considered at that

- partic'ula'r' frequency. For each.line at each altitude a Voigt pro- -
file is calculated from the tables of Step 1, and multiplied by the

~ absorption and emission coefficients of Step 4, . Coefficients for
overlapping lines are added, and the integration of equation (4.4)
..is performed. After completion of one frequency point the fre-
quency is Ainc—reme:nted by a variable amount based on the prokimity
of line centers. Ifa line center is close, then the transmission
will be vgfyi_ng rapidly and small frequency increments are taken.
Tabulatipnﬂs of the spectrum, are printed.

Step 6.~ Apply Filter and Take Transform - the spectrum
calculated in Step 5 is multiplied bﬁr an input bandpass filter func-
tion.. The resultant spectrum is then Fourier transformed to give
the interfgrogra.m.

. Step 7. - Plot - the spectrum and interferogram are plotted

on a Calcomp Qrurn plotter,

4, 2. 3.2 Program Routines: -

Main Segment. - Resident in core at all times is a short main

program. This program, designated segment zero in the CDC segmentation

scheme, performs no calculations, but simply calls the subroutines that per-

form the calculations in the proper sequence. The main segment also re-

serves space in blank common for the extensive arrays which will be used,

A flow chart for the main segment is given in Figure 4.2.2,
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Subroutine VOIGT. - The Voigt profile is a molecular line shape

function which results from a superposition of independent Lorentz and Dop-
pler line broadening (Armstrong, 1967). Lorentz broadening in the atmos-
phere is a function of atmospheric pressure and is domina.nf at sea level,
while Doppler broadelning is temperature dependent and is dominant at high al-
titudes. At altitudes between these two extremes there is'a continuous degree
~of superposition' of the two effects, ' | | -

The Voigt profile at a frequency, v, for a line centered at v, is
a function of two variables, X and Y, given by Equations 4,16 and 4,17, For
the lines which will be included in the computation of atmospheric spectra,
the range of 'va-lues for X and Y which can reasonably be expécted to be en-

countered are

0 < x < 10%
0.5 Y < 24.

A's noted abqve, the general approach in this prc")gram is to com-
pute data tables which will be combined to produce the desired spectra, Since
it is known that Voigt functions will be required -later with X and Y values fall-
ing in the rangé{s defined above, tables of these funct,ions are derived as indi-
cated in Figur_é“4. 2.3. Tables of 27'va1ue$ of X and 25 values of Y are de-
fined in a ' DATA statement, - The Voigt function, & (X, Y) is cémputed for all
" 675 combinations of X and Y using a subroutine developed by Armstrong

(1967). It is aiﬁq known that interpolation of Voigt functions will be réquired.
" For this rea‘s'on, the é.étual values of Voigt'function are not stored. Instead,
for a constai;t value of Y and three consecutive values of X, a quadratic func-
tion is fitted through the three corresponding values of @, the Voigt function.

The resulting quadratic equation is
2
d (Xi’ Yi) = A, (Xi) + Bij -(Xi)_ + Cij Eq. 4 24

1)

The tables stored for.later use are the 25 x 25 tables of A, B, and C,
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Subroutine HEIGHT, - The primary function of subroutine

HEIGHT is to set up tables of afmospheric properties along the radiation path.
The routine reads data which defines the molecular specieé to be included in
the computation of the spectrurn; The program will accept from one to three
species, For each species a data card is required which includes the symbol
of the spgcies, €.8eH CO, HZO’ NZO’ etc., the molecular weight of the spe-
cies, the number of molecular lines which will be furnished for each species,
and the partitioh function of the speéies. The partition function will be re-
quired in the program as a function of temperature., To facilitate this, the
partition function, Q, is calculated for éeyefal temperatures from data in the
JANAF Tables, It is found that c;ver the temperature range of interest to this

program, Q can be represented as a quadratic, i.e.
2 : v
Q(T) = AT  + BT + C Eq. 4.25.

The coefficients A, B, and C are evaluated manually and used as inputs to the
program in place of the actual p;artition fur;ction. ,

| The next set of input data defines the geometric case to be con-
sidered, as shown in Figure 4.2.4. If iimb transmission (case 2) is indi-
cated, then the grazing altitude, h (KM), is defined. In case 1 the zenith an-
gle of the observer « (degrees) ig 'sﬁecifie&; while in case 3 the zenith angles
of the source, ¢, and obserAver', B, are’specified. The routine assigns a
case number 4 to the special case of geometry case 3 where o = 8. This re-
sults in a shortening of computation t1me by a factor of two,

Data is then read which-defiﬁes ‘the model atmosphere to be em-
ployed. These data consist of a table of altitudes (KM) and tables which
specify the following parameters at corresponding altitudes: temperature
(degree K), pressure (millibar), and concentrations of species specified
earlier (particles/cc). The set of altitudes for which these properties are

specified is arbitr’a.rir, but sho@ld cover the range 0 - 100 KM and must be
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monotonic, These data are the;i combined with the geometric case data to
compute tables of atmospheric properties along the actual line of observation,
This procedure is similar for cases 1 and 3, but different for case 2, and
will therefore be described separately,

For the limb transmissign case, case 2, the top of the atmos-
phere is defined to be 100 KM. Using‘ this condition, and the grazing altitude,
h, the total path‘ length through the atrﬁosphere is calculated, This path is
then divided into 48 equal segments, and the altitude at the end of each seg-
ment is calculated. An:interpolation is performed on the input atmospheric
model tables for this altitude to obtain the atmospheric properties at this al-
titude, A linear interpolation is performed for the temperature p;arameter,'
while a logarithmic interpolatidn is performed for pressure and species con-
centrations, Counting the end points, this results in tables of atmospheric
properties for 49 points uniformly distributed a.iong the radiation path.

For geometry case 1, a similar approach is taken in that tables
of parameters are computed for points along the radiation path. In these
cases the top of the atmosphere is' defined to be 96 KM. The atmosphere is
divided into 48 altitude steps as follows; starting at 0 KM the first 16 steps
are incremented by 1 KM each, the next 16 are incremented by 2 KM each
and the third 16 by 3 KM each., The total radiation path length is computed,
using the zenith angle, and the path lengths corresponding to the predefined
altitude steps are calculated. Using the same interpolations as for case 2,
the atmospheric properties at these altitude steps are computed, Again
counting the end points, a table of atmospheric properties at 49 points along
the radiation path is generated. For geometry case 3, this calculation is
performed twice, for the entering and reflected radiation, using the two dif-
ferent zenith anglés. If the zenith angles are equal, then only one table is
computed, but in effect it will later be used twice.

The Doppler halfwidth is given by Equation 4.18. Since o, will

D
be repeatedly calculated later, considerable time can be saved if as much as
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possible of this expression can be precalculated, - Therefore,; a table of Dop-
pler width factors is computed for.each path position, which determines T,
and each species,. which determines:M. Hence, - . i .

s . [2rT.m2\'/? -
“DOPP(L,I) = ¢ L= Eq. 4.26

M R EE . - N ¥
It is"ﬂow'ér'lly necessatry to multiply the apﬁrékim'é.fe' DOPP value b;r UO, the

line frequencyvto obtain o for an transition at any point in the atfhosphe’fe. ’

:‘Sifﬁ'ilarly, the Lorentz hali:Wic-lth;:a
to be 0.06 cm™ > at STP. Tables of &

1 ‘for any line is'assumed

are ':'thA'e.'r'e.fOr'é calculafed f’drl all points,

L
), along the radiation.path by -

R L%
aL‘;(J) - = ’0.Q6 X"P x |7 _Eq. 4,27
1 P - . s . . . J X . .
where’
P = standard pressure = 1000 mbar
s
Ts = standard temperature = 273 °k

Subroutine LINER. - Subroutiz_lé‘ LINER réads data coﬁcerning 7
the individual lines to bev ii-vﬁ.cvh'zded. 11;1 the computed spectrum, sorts the linéé
by wavenumber, and computes the frequency band over which each line con-
tributes to the spectrum. l o

In Subroutine HEIGHT, up to three chemical species were de-
fim_ed as contributing to-the spéctrum. Subroutine LINER reads the set of
tra"ﬁé‘ition‘ iines to be consi'dere‘rd.f‘o”r ‘ea'ch speciés. Up to 150 lines are per-
mitte‘d, distributed in any V'v's‘f‘ay among the three species. For each line it is
necessary to specify the center frequency (cm-l), the line strength (cm”

21 : -
atm ) and the lower state energy (cm l).
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After reading this line data, _LINER»sorts- the lines and corre-
sponding line data in order of ascending center frequenc%y’. A search is per- '
formed to determine the minimum line strehgth.‘ For each-line a frequericy' |
band is determined over which the line must be considered in computiﬁg the
spectrum, The line inclusién band -is determinéd by {fitting a Gaussian line
shape over each line with a -n,ominal,O.'06 'qm-l halfwidth. The line inclusion
band is the frequéncy band over whigh fhe line has a strength which exceeds a .
previousfy defined minimum,. This minimum is preséntlf taken as 1% of the
strength of the weakest line. If thé line inclusion band is computed to be

-1 - -1
greater than £ 5 cm °, it is truncatedto £ 5 cm .

Subroutine COEFFS, - Subroutine COEFFS computes, for each

line at its center frequency and for each altitude in the model atmosphere, -
the absorption coefficients and, if required by the geometry case being con-
sidered, fhe emission coefficients, Using the definitions of Einstein coeffi-
cients, the absorption and emission coefficients for line £ of species i at al-

titude h can be shown to be:

. . -G, }
C. E *C.ofmmm — T Q.
o _[ lh] . L e (To Th>. le.e 2 .5 ._.300 Eq. 4.28
thT Ay -C,v, ' QiT-
' | h .
l-e °
-C.v
. . ’_}_-_];._. 2 '{’
[Clh] EyC Cr. T h © T - o
¢ - . e o h/. e -2C2h-S °V3° 30
Lh A “C.v S Al T
N 2°4 1T
T, h
l-e S
Eq. 4.29
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where’

[Ci :l = concentration of species i at altitude h (_}_)3r_t1331£_>
h . ' cm’
AN = 'schematic/number
E& = lower state energy of line £ (cm )
C2 : = second Planck constant
T, = standard temperature = 300°K
Th "= temperature at altitude h (OK)
v, = center frequency of line £ (cm-l)
“ : .
S{’ = strength of linc 4 (cm_z" atm-])
Qi. s partition coefficient of species i at the temperature
Th " at altitude h

These factors 'do not represent the complete absorption and
emission coefficients since they are lacking the Voight line profile function,

- This last term will be included in the next subroutine.

Subroutine SPECT, - Subroutine SPECT performs the actual

spectrum evaluation, For each frequency péint in the s"péctr'u.m,.' the precal-
culated data tables are accessed, and quation 1is evaluated, giving the ob-
served intensity, | . '

In order to keep the computer running time within reasonable
limits, it is necessary to restrict the total number of frequency points at
which the spectrum is computed. On the other hand, it is necessary to in-
clude a number of éoints sufficient to maintain adequate spectral resolution,
particularly in the rapidly varying regions of line centers. To satisfy these
requirements, a frequency increment system was devised whereby large in-

: -1
crements, up to 0,512 cm ~ are used in those parts of the spectrum distant
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from line centers, while snﬁall'_ihcrements, as small as 0.001 cm-l are used
in the vincinity of line centers. The frequency increment scheme operates as
follows,

The first frequency point is defined by input data. After the in-
tensity is computed, for this frequency value, as will be described below, a
search is made of the table of line cef;ter frequencies to determine the closest
line center, at éither higher or lower frequency. The absolute value of the
frequency difference between the nearest line vcenter and the current frequency
point is used in an algorithm to compute the next frequency increment. If this
difference is zero, an increment qf 0.001 cm“1 is used. At every second
point from the line center the increment is doubled until a maximum of 0.512
cm-l is reached at 1.0 cm--1 from the line center, The computed increment
is added to the current fréquency value, the spectral intensity is computed for
the new frequency, and the process is repeated until a final frequency, de-
fined by input data, is reached. ‘ '

| Each groui) of 100 spectral points is printed and also written on
a magnetic scratch tapei This permits the computation of spectra with large
numbers of points without extensive storage requirements,

At each frequency valué; the spéctral intensity is computed as
follows. The table of line inclusion bandé, determined by subroutine LINER,
is searched to determine which lines must be included in the computation of
the spectral intensity at this frequency. A table is made of lines to be includ-
ed, For a given altitude step in the /rzmdel atmosphere, the Lorentz and Dop-
pler line widths are obtained for each line in the line inclusion table, The
Lorentz width was -computed in subroutine HEIGHT, The Doppler width is
computed by multiplying the appropriate entry in the DOPP té.ble, also com-
puted in subroutine HEIGHT, by the corresponding line center frequency.

The Doppler and Lorentz line widths are used to compute the X and Y param-

eters of the Voight function, as given in Equations 4.16 and 4.17,
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‘These X and Y values are used in a table lookup of the Voigt
function tables generated in Subroutine VOIGT, and, using a three point La- .
grange interpolation, the Voigt function is evaluated for a given line at a par-
ticular frequency and position in the model atmosphere. The Voigt function is
multiplied by the appropriate absorption, and if required, by the geometry
case in use, the emission coefficient factors generated in Subroutine COEFFS,
giving the final absorption and emission coefficients for a given line at a spec-
ified frequency and altitude,  If the search of line inclusion bands indicated
that more than one line must be included at this frequency, i.e., the lines
overlap, this process of determining absorption and emission coefficients is
repeated for each overlapping line. The absorption a;nd emission (*;oeﬁficients ,
are summed for all contributing lines to give a single net absorpﬁon or emis-
sion coefficient. |

This process of computing absorption and, if required, emissioﬁ
coefficients is repeated for all altitude steps in the input model atmosphere, .
as defined in Subroutine HEIGHT. A table of absorption and emis_sion cééf_ﬁ—
cients is generated for a single frequency covering all altitude steps and in-
cluding the effects of overlapping lines. The radiative transfer equation
{equation 4,10) is evaluated using the tabulated coefficients, employing Simp-
son's rule integrations. The incident radiation for geometry case 1 is black-
body radiation from the ground. The grounci temperature is taken as 288, 2
OK, with an élbedo of 1,0; however, both paraﬁneters can be‘va.rkied by input
daté. For éeometry cases 2,‘ 3, 4, the inqident radiation is solar radiation
based on a solar temperature of 5800 oK, with an emissivity of 1,0, For ge-
ometry case 3, where incident solar radiation is reflected from the ground at
an angle different from the incident angle, the intensity computed in the man-
ner described above gives the attenuated solar radiation at ground level. The
entire process is repeated for the reflected beam to give the radiation at an
exoatmospheric observing platform. For geometry case 4, where solar radi-

ation is reflected from the ground at the same angle as the incident angle,
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the computed absorption is simply doubled to give the total absorption from
the double pass. In both geometry cases 3 and 4, a ground reflectivity may
be specified by input data. The intensity at ground level is further reduced by
a factor of 7 to-account for lambertion diffusion by the ground.

- By this method the spectral intensity at a single frequency is
computed, The subroutine then computes the next frequency point by the line
center proximity method described above, and the entire process is repeated
for the new frequency point, This procedure is continued until a stopping fre-

quency, specified by input data, is reached.

Segment Six. - The sixth segment of this program contains three
suBroutinéS. Subroutine TRANF prepares the spectrum computed above for 4
the Fourier transform, applies a bandpass filter function as defined in Sub-
routine FLTRS, and calls Subroutine FRXFM to perform the Fourier trans-
form. Subroutine TRANF then prepéres both the spectrum and interferogram
for plotting, . , |
! “In the des criptilon of Subroutine SPECT it was noted that the
spacihg between points on the frequenéy scale of the computed.épectru.m is
variable rather than ﬁniform. In order to pérform the Fourier transform,
hoWevér, ‘it is necessary that the frequency spacing between points be uniform.
The firét task of Subroutine TRANF, therefore is to perforrh conversion of
the spectrum to a uniform scale. The interval between the spectral limits is
divided into 2 number of uniform divisions. The number of divisions must be
a power of two, and is taken as 212 unless otherwise specified by input data,
The spe."ctrunfl is read from the int-e>rmediate scratch tape in blocks of 100
points, as written by Subroutine SPECT. The conversion to the uniform scale

between the limits of each uniform interval, i.e.:

V2 .
S = /
v j SV, ‘dv
u n
Y1



where . : ! .

SV = Spectral intensity of point in spectrum

u on uniform frequency scale

SV, = spectral intensit}"r on non-uniform scale
u

v, -_vl = one frequency interval of uniform scale

Following conversion of the spectrum to a uniform frequency
scale, - 'a filter function is applied to simulate the bandpass of a measurement
instrument. Several types of filter functions are available, the choice being
specified by input data, A Lorentz or Gaussian shaped filter functic;n may be .
specified, in which case the input data consists of the center frequency, the
- peak transmittance and the half height - half width, A problem has been noted,
however, in using these two functions in conjunction with the Fourier trans-
form. Because the Lorentz apd Gaussian functions asymptotically approach
zero, but do not become zero in the defined spectral range, there is introduced
into the Fourier transform high frequency components, These components can
be eliminated by forcing the filter function to zero while still within the spec-
tral range. This is accomplished by using a third filter function, referred to

as a power function, having the form:

-
N
-
L]

V-V <w
o

T =0 V-V 2w
Ty o °

Wheré the: center frequency, Vo’ the width, w, and the exponent,‘ n, are all
specified by input data, This function has the property of becoming zero with-
in the frequency range of the computed spectrum and thereby preventing high

frequency cbmponents in the Fourier transform.
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In the event that a filter bandpass is required which does not fit
any of these three analytic‘forfns, it is also possible to provide input filter
data in the form of the calibration curve, i.e,, a table of frequencies and cor-
responding transmittances may be specified, Up to fifty calibration points
may be specified, _ |

It is also possible to superimpose any number of filters, using
any mixture of the above filter types,

Following the application of the filters to the computed spectrum,
the spectrum is written on magnetic tape for subsequent plotting., The Fourier
transform of the spectrum is then computed, . The Fourier transform subrou-
tine, FRXFM, is a standard library routine based on the Cooley-‘fukey algo--
rithm, and returns the real and imaginary components of the Fourier trans- .
form. These are converted to amplitude and phase components of an interfer-

ogram by the expressions

1/2
A, = R.2 + I.2 ° S
i i i
I
_ 1 -1 i
¢1>1 7 tan R
i
where
R, I = real, i.fnaginary components of Fourier transform
S = plotting scale factor,

The computed interferogram looks ‘much like an ampiitude modu-
lated radio signal in that it consists of a carrier wave modulated by the rela-
tively lower frequency envelope, In the interferogram the carrier contains in-
formation concerning the spectral region for which the interferogram is com-
‘puted. Since this information is already know:},. it is é.dvantageo,us to eliminate
the carrier and retain only the envelope, since this relaxes the required ac-

curacy of the sampling point.
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The elimination of the carrier is performed by "synchronously
detectmg" it with an input reference frequency wh1ch 11es approxn.mately in the
middle of the spectrum being computed,. . . .

The delay scale for the iuterferegram is baeed ou the frequency
range of the initial spectrum. The delay for the first interferogram pomt is

zero, and the delay increment for each subsequent point is

1
T Ad = ” ”
£ i
where -
' v Vg = iuitial, final fr_equeu_cies of..the computed speetruih.

The amplitude, phase and delay tables of the interferogram are
written on magnetic tape for subsequent plotting. In addition, the real and
imaginary Fourier transform components are punched on output data cards.for

subsequent use in deriving interferogram correlation functions,

Subroutine SPPLOT.- Subtoutine SPPLOT reads the spectrum

and interferogram from the magnetic tape written by prev;ous subroutines, and
generates plots of them. Plots are made on the twelve inch CALCOMP drum
plotter at Langey Research Center, using the standard system library of plot-
ting routines: ‘ |

Following generation of the plotted output, program control is re-

turned to the main segment where the entire spectrum computation process is

I3

repeated if desired.
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5. " CORRELATION INTERFEROMETRY

2
4.

5.1 Principles of Interferometry

. The use of spectral techniques for the remote measurement of
concentrations of trace atmospheric species is dependent on separating out
the effects of the species being measured from those of all other species
present in the optical path. In techniques where a part 6f the spectrum is
measured, the separation' must l;e obtained by spectral resolution. Thus,
some separable part cﬁ the spectrum ‘must show an appreciable effect of the
species being measured and any significant effects of other specieé must be
such that fhe'y can :be. eliminated. If a different techniqﬁe is used effects
must still be separable but the separation criteria is no longer spectral reso-
lution but'a type of resolution peculiar to that technique. Such a technique is
interferometry, In this technique the separation is accomplished by a reso-
lution of path differences.

The instrument being developed for this program is a correla-
tion interferometer. The following discussion will déscribe the basic theory
of its operation. More detail on this and on the specific instrument itself
will be given elsewhere (Bortner, et. al., 1973). |

An interferometer is a fairly simple device (Figure 5.1.1). The
essential elements are a beam splitter and two mirrors, plus a detector to
measure the radiation output, Light from the source is. incident on the beam
splitter, B. At the beam splitter it is divided into two paths; one portion of

the light goes to one mirror, M_; the other portion of the light goes to the

1
other mirror, M,. The two portions recombine at the beam splitter and the

2
intensity of the light once they recombine is registered by the detector, D.
The intensity of the radiation received by the detector will depend on the dif-
ference between the lengths of the paths traveled by the beams in the two

arms, The length of the path F—B-MI—B-D can be different from that of the
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path_]i"‘-B-M2

difference (delay™) is zero, and there is a peak in intensity. If monochro-

-B-D. If the two optical paths are exactly the same, the path

matic radiation enters the instrument, and if the path difference is increased
by one-half the wavelength, the intensity reaching the detector goes down es -
sentially to zero, Then as it increases again towards one wavelength path
difference, another peak occurs, This sinusoidal oscillation about a mean
level repeats at intervals of one wavelength if the light is monochromatic,
The i_ns;:ruxnent égtua.lly does a Four‘ier transformation of the spectrum of the
radiation ehtering. The way in which the delay is scanned, the way in which
the path difference is changed-is in most instruments a matter of shifting one
of the mirrors,: 'i[‘his certainly does the job, but it causes some uﬁnecessary
alignment problems. One of the features of the COPE instrument is that the
problem of havihg to scan and maintain the position of the mirror accurately
is avoided by not scanning the end mifror, but, instead, scanning a plate of
_refractive material in one arm of the interferometer. Many interferometers
have such a refractive plate, but generally it is xleft in a constant position., If
this plate is rotated, the path length in that arm of the interferometer will
vary. This will accomplish the same effect as moving one of the mirrors
" back and forth without the alignment problems. This is a specific advantage
of the technique of this instrument., Other advantages, some of which are
advantages of interferometry in general, include a large light throughput,
multiplexing of spectral elements, a compact yet flexible instrument, and a

handy output.

5.2 Relationship.Between Spectra and Interferograms

In Figure 5.2.1 a few particular cases of the relationship between
spectra and interferograms are shown. As shown on the previous figure,

monochromatic spect'rum produces an interferogram which is essentially a

* The term ''delay' refers to the temporal variation of the interferometer sig-
nal. This is related to the variation of the path difference by the scan velocity.
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sinusoidal variation as the delay is scanned. If instead of a single monochro-
matic line theré is a pair of rhonochromatic lines, then the two sinusoidals
due to lines will beat together. Agai‘n'a characteristic maximum is obtained
at zero delay. As fhe oscillations beat together, they get out of phase and go
through a minimum, then maximize again at a point characteristic of the line
separation. If there are a number of regularly spaced lines, the beat pat-
terns will all reinforce at zero delay again, but they very rapidly get out of
step with each other and decay to very émall values. Then there appears a
point where they all reinforce again at a delay which is ';1nVe1.‘s'ely proportional
to the spacing between the lines. Thls is almost exactly the effect seen in the
case of carboh ‘ménéxide as shown in Figure 5.2,2, 'wh_ich gives the actual
s’fpectrum* and iﬁterferogram. The~spect1"urn displays _féiriy regularly spaced
l‘ines. There is certainly a noticeable éhange in the :"spacing,f.r'om one end to
the other, but it is certainly not a randbnl spacing. _As seen in the previous
figure, there is reinforcement for zero delay which dies out rather rapidly,
and then, at a d;élay which is characteristic of the spacipg bef;ween the lines
(about 3 ém_l), ‘the interferogram amplitude peaks up a'gain. In general the
relationship,bétWeen the spectrum.of the 1fadiation and the ih‘cerferogram of
the radiation ishg-iven by a Foﬁrief transformation, the cosine‘ Fourier trans-
formation, -_‘Tha.t is, the interferogré.m, apart from the constant term, is the
cosine Fourier transform of the spectrum (Figure 5,2,3). The interferogram

éignal, as'a.-function of path difference is given by:

I(x) = 2 I: n. (Si (o) ) cos (2 o X) do

where
(o] = frequency (cm-l) | '_1
Si (0) = spectral input-at o) (ergs-cmz-ster_l(cm-l) -sec )
X = path difference (cm)

*This spectrum is that given by Plyler (1952) with the mercury emission
lines omitted.
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Several relationships exisf between the interferogram and the-
spectrum from which it is produced.,. The interferogram has a carrier fre-'-
- quency directly rélated to the mean frequency of the spectrum producing it.

It will be amplitude and phase modulated, the amplitude and phase modulation
being described by the band envelope shown. From an intérferogram up to a

' given delay, the spectrum could be reconstructed with a resolution given in-
versely by the deiay out to which the interferogram is obtained, -So, from an
interferogram from zero to 1 centimeter, inverse Fourier transformation-- .
reproduces a spectrum to resolution of one wave number (Cm-':1~)'; -Conversely,
if the information characteristic of one wave number resolution is not needed,
if the information'need only be characterized by a 3 cm_1 resolution, then:it:
is only necﬂe'ssary to scan the interferogram out.to 1/3 cm (3 millimeters) to
obtain information equivalent to a resolution of three wave numbers, ' It is
very important to do this, - Significant improvements in signal.to noise ratio-~
are obtained by limiting ourselves to scanning only the portion: of the interfer-
ogram which gives the best signal to noise.ratio. If essentially all:the infor--
mation on any given species (all the effect of that species on the interfero-
gram) occurs over a small part of the intérferogram,: only that:.range of path
difference need be scanned., The operation of the correlation interferometer -
involves the treatment of the interferogram data directly to obtain data on
spécies densities rather than the use of the spectrum obtained by the Fourier
transform of the interferogram., With such an operation the concept of spec-
tral resolution loses meaning. Although the spectrum which can be obtained
from an interferogram has a resolution whichis the reciprocal.of the path
difference scanned, the ‘abirlif;y to obtain.data on one species in the preseénce:
of others by direct examination of the interferogram, is not dependent on'the -
length of path-difference scan. For example, if a scan of 0 to 2.cm- were
used to produce an interferogram but a given species of interest has an effect
only between 1,0 and 1.2 cm, as much information on that species can be ob-

tained by scanning from 1,0 to 1.2 cm as from 0,0-to 2.0 cm even though the.
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longer.scan could produce a spectrum of 0.5 c:m-1 resolution whereas the
shorter scan could not. Rather than spectral.resolution, the separation of ef-
fects of various species is accomplished by a spatial resolution of path differ-
ence which is dependent on such factors as smoothness of path-difference scan.
~ Another relationship between the spectrum and the interferogram
is that the spectrum of the incoming radiation can be severely band-limited by
optical filters. .If it is band-limited, and if an interferogram that would re-
produce the spectrum only to a limited resolution is taken, ‘then the spectrum
could be characterized by a fairly small number of points. On the other hand,
to characterize the interferogram in this form with its very rapid oscillations
(the oscillations are essentially proportional to the mean frequency and not.to
the width) with any degree of accuracy, relatively large number of points on
the order of at least one per cycle of oscillation would be needed, This would
be many more points than are necessary to characterize the spectrum to a
corresponding resolution, There is a lot of redundancy in the information be-
cause of the band limitation. The method used in the correlation interferom-
eter to eliminate the redundancy is simply to take the amplitude and phase
modulated _sinusoid and heterodyne it down with a local oscillator, where the
loéal oscillator is the interferogram of radiation somewhere around the mean
frequency of the spectrum. By heterodyning the interferogram down with a
cosine or a sinusoidal variation, the interferégram is reduced to its essential
variations, Thbis is illustrated in the bottom part of Figure 5,2,.3. All the in-
formation necessary to characterize the interferogram can be retrieved by
sampling a relatively small number of points, a few points for each of the
much longer cycles shown in the bottom figure, There is a slight difference
whether the interferogram is beat with a sinusoid at a given wavelength or a
cosine; slightiy different beat-down interferograms aré obtained., Actually
both of them are used but, through most of the remaining discussion this fact
will be ignored. In generating the local oscillator for carrying out the hetero-

dyning, radiation which passes through the same interferometer as does the
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signal radiaation is used. This insures that the local oscillator always has the
correct phase relationship with the signal iﬁt,erferogram. It also relaxes
some of the accuracy needed in the knowledge of the plate dx;ive (the scan
drive), If this were not done, the scan drive would have to be known accu- .
rately to within a very small fraction of the wavelength. By having the local
oscillator going through the same interferometer, this problem is alleviated.
Probably the main objection to interferometers is that most people think in
terms of using a spectrum and in order to obtain a speétrum from the inter-
férometef, the interferogram must be transformed. This problem is avoided
completely by not looking at the spectrurﬁ at all. It is not really necessary to
use the spectrum. The measurement can be made quite adequately‘ on the in-
terferogram.itself, This is a major advantage of the correlation interferom-

eter,

5.3 The Measurement in the Presence of Interférents

Figure 5. 3.A1 outlines very briefly the basic prihcipiés by which
the mea;surem,en't»on the interferogram is made. There are essentially two
problems involved in a measurement of this type. We are trying‘ to measure
the CO burden on the basis of the radiation received from a satellite. The
problems in making the measurement are: (1) can the measurement be made
with sufficient accuracy in view of the noise limitations, and (2) can the mea-
surement be made under conditions whefe the radiation received is affected
not 6nly by the gé.s.that we are trying to rr;easure, in this case carbon mon-
oxide, but is also severely affected By other gases. In fact, thé radiation is
much more affected by such things as water vapor and methane. Ignoring for
the moment this problem of the interference species, consider how a mea-
surement would be made. Consider an interferogram due to a target signal,
say CO, such as shown, There are different ways by which one could mea-
sure the CO burden which produced this signal level, One might sit at a con-

stant delay and measure the signal level at that point, If the CO burden were
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doubled,: the effect’of CO on the intensity we would measure would be doubled
(for thevmorn’ent'*assum‘iﬁg variations are linear with the gas butden); the in-
tensity would essentially be-a measure of the carbon monoxidé burden: *-If
there wére a constarnt noise level associatéd -with the measurement of any
point then the“best point to make a ‘measurement would-be at the point whete
the. signal level is maximum. . If a'fihite range of delay were 'scanned, “then |
_the measurements made at all points’would be combined to get somée sort of’
average measurement of the carbon monoxide burden.’ In gélheral, the opti-
mum smeasurement that-can be made in‘such ciFcumstances is given by com®-
bining all the measurements, "all thé intensities of the: vafic_)us p“c:)"{nts-,"'in"la.
manner related directly.to the.intensity of the sighal shape.. That is a weight-
ing function:or correlation function is generated and this is multiplied togeth-
er with the signal, - The-measurement made-is the i'nte’gi'al of the correlation
function times the signal,. the integral.over the delay range which is $canned,
It is integrated and the measurement obtained is directly proportional to, in
this case, the carbon rﬁoﬁ;)xidé burden. Thes1gna1-to-no1§e ratio in such a

' measurement can l?e",s:how.n to b,e,'_gpt_irq'ug; when the correlation function looks
é-xajc}:ly in(shapl)evlike. the target §igna.'13.‘ ~That result holds when there are no .
i'nye.r.fe,rér.‘lts._ Nowﬁ__co‘n_sidqr: another gas species which is affecting the signal
re_c.e.:‘i.ygd_,, for example wa'Lte-r vapor, If a point measurement of the intensity
v've_rt:e,’ u's;ed?”\t;h,e signal régzei:ygd_would_ipotxbe ,simply the signal due to carbon .
mc;:rfxiqx_igie but the sum of the signals due to tile carbon monoxide and to the
water ,Vaépr. Even‘;g,_‘the,._ carbon ‘mo‘nqxidel_lev'el_ were to remain the same,
drastically varying measurements due.to variations in water vapor might be .
obtainﬂe,'dfs_o that a very poor measurement of CO would be obtained by sitting
at that point, A region where a signal is unaffected by all interferents may -
not belavail.eﬁxble or :if, it is, the}\signal-‘tp:noige_:atio achievable at. the point
.might not be adequate _fo,rv‘ the measurement, . This problem is handled as-fol-
lows, T,h?,CQl_.‘.l‘e%aﬁ,On function u,sed is. not matched exactly.to the target gas

signal shape. The correlation function (W) is adjusted so that when it is
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cross-correlated with the inter_fer«ents and the result is int.e‘grated over the
range scanned, all the positive correlation regionsA are balanced exactly by
the negative correlation regions, so that the total area undeir the curve, the
total result‘of the measui‘ement, comes.out to zero as illustrated, still
maintaining the correlation function as close. as possible to tha.t.constraint to
the signal interferogram (target interferogram) in order to:still get as large
a positive _corre:lation between the correlation function and the target gas as
possible. The result of the measurement is still proportional. to the carbon
monoxide burden. In principle, if there are a number of interferents of. this
sort, rejection of these interferents can still be achieved so long as we have
at least as many points to describe our cor,relatio;a function as we ‘have gases
which are affecting the fadiation. The rﬁeasurement of the target gas can be
made in real time, The first gas, in this case CO, and any other gases

which significantly affect the interferogram can be measured,

5.4 An Example of the Use of Interferograms

As an example of the 1nterferograms result1ng from overlapping
spectra (using three imaginaty spec1es), Figure 5.4.1 shows spectra (drawn
with relative frequency scale in cm ) ‘and the major features of a port1on of
the interferogram envelopes for species A, B, and C, and for all combina-
tions of them. Thus, from the spectrum of A, the lines at relative positions
of 1 and 3 cm-'l’give a peak in the interferogram envelope at 0.5 cm; those
at 1 and 6 cm-1 give one at 0,2 c;m-'l; those at 3 and 6 crn-1 give one at 0,33
cmil. Similarly, B gives peak's- at 0,28 cm and 0. 55 cm, Howe‘}er, in the
interferograms of AB an additional effect occurs between . 25 and . 36 cm.,
This is due to the combination of the line at the relative frequency of 1 cm_1
in the A spectrum and of that at 4.8 cm-l in the B spectrum, Other effects

are also present in the AB interferogram due to other combinations of lines,

If it is desired to determine the concentration of species C in the presence of
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A and B, the spectrum or the interferogram of the A-B-C i'nixture ‘rri_ust be
different from that of the A-B mixture, The spectra show an appreciable

f - . -
difference only around v =5 cm ! where A-B-C extends about 0.2 cm

past A-B. Thus, a .2 cr:f'h spectral resolution would be fequired to make
the measurement. In the interferongams, the region around .25 cm path dif-
" ference shows a variance.’ The region from .24 to .26 could be uséd to make
. a measurement C. Actually a larger region would be used" and the éffects of
A and B separated out. ' - . ;

The spectra of A, B, and C are related to eaéh other somewhat
_as those of HZO’ CH4, and CO in a real case, except that the latter are more
complex. In that case a spectral region much affected by CO is chosen and
~ separated out by an optical filter.

In the correlation interfqromveter, the path difference scan is
limited principally to that portion of the interferogram which is most affected
"by the gas whose density is being measured (excluding that portion near zero
path difference). In the case of CO that portion of the interferogram obtained
With path differences between 2. 70 and 3.95 mm has been seleqted. Since the
lines in the first overtone band of CO are separated by about 3 cm'-1 on the
average this shows up in that parf of the interferogram centered at about 1/3
crn-1 = .33 cm = 3.3 mm. Thus, the CO spectrum is as shown in Figure
5.2.2 and the interferogram (using a spectral filter centered at 4278 cm—l) is
also shown in..Figure f;. 2.2. In this the fnajor effect of the CO is seen to be
in the region of 0.3 cm. Taking this portion of the interferogram between
0.27 and 0,395 cm gives essentially all of the information on CO that can be
obtained from the interferogram., The détermina_tion of CO is hot, however,
the simple measurement of this peak in the inte'rferogré.m, since other gases, -
particularly CH4 and HZO also have some effect in this region, Thus, this

peak is divided up into a number of sections, 32 in the case of our instrument,

The effect of each gas on.each of these 32 sections is determined in effect,
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by calibration.™ . _ |

“Thus, in the sunplest case, a portion of the 1nterferogram af- .
fected only by H O is chosen to determine the amount of. HZO and the re-
mainder of the 1nterferogram is, in effect, corrected using these data and
calibration information. CH4 is dealt with similarly. Thirty-two different
effects could be dealt with this way. Since in a real case portions of the in-
terferogram affected by a single gas are not alwa.ys available, the set of 32
simultaneous equations is solved to determine the amounts of individual gases
éaus ing the combined effects.

The output of the interferometer will be voltages, each related
to the concentration (column density) of one species, The calibrations can
be thought in terms of these voltages. Thus, to be able to separate out the
effects of individual species it is necessary to resolve parts of the interfero-
gram which show the effects of these species. In the A-B-C example this res-
olution must be of the order of 0.2 mm which is readily attainable. The spec-
tral resolution required for a similar separation of effects would be 0.2 cm-l
which is not attainable with the spectrum which would be produced from the
interfei-ogram obtained with this instrument. Thus, by directly using the in-
terferogram the effects of speéific species and hence its density is measure-
able whereas it would not be if the interferogram were converted to a spec-
trum and that used for the measurement. This comparatively simple mea-

surement can be made very much faster than can a measurement of the same

*Actually, the effects of specific gasés, other than that being measured
(such as CO), need not be specifically known by calibration. The calibration
can consist of 31 different atmospheric conditions with one amount of CO and
a different amount of CO with one of these conditions. The measurement of
CO is then made by determining the effect on each .section of the interfero-
gram of other gases of the atmosphere ad determined by a best fit of the 32
points,

**Since the H,O spectfum and hence its interferogram is affected by temper-
ature, two or more portions of the interferogram must be used to take this
effect into account.
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species by a high-resolution spectromatic technique, whether By é"spectrom-
eter technique or by an interferometric technique which employs the Fourier

transform of a interferograrni obtained over a large range of path difference.

N
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6. CORRELATION TREATMENT

6.1  Basic Principles

6.1.1 Instrument Output: - The interferometer receives radiation,

™o T

the spectral characteristics ef which are affected by a number of parameters.

We wish to meaéure one of these parameters (CO burden), with as high ac-
curacy as possible and as little interference as possible from variation in the
other parameters. Within the instrument, optical filters limit the range of
the radiation to a fairly narrow spectral region where CO absorption has the
greatest relative effect on the radiation. |

The correlation interferometer operates by varying the delay
between the two beams of a Michelson interferometer over a defined range.
As the delay is swept, a sinusoidal type signal is generated at the detector
output. This signal is both amplitude and phase modulated. The band center
and width are directly related to the center and width of the optical spectral
filter, while the modulations are characteristi¢ of the more detailed spectral

information.

6.1.2 Preprocessing: - An important function of the interferometer
electronies hardware is to reduce the high sampling rate implied by the rel-
atively high center frequency of the interferogram signal, by synchronously
_detecting the signal with a reference signal, (similar to the lpcal oscillator
in a homodyne system). This reference is generated from the interferogram
of radiation having stable spectral characteristics. The reference'ra_diat’;ipn
passes through the same inte'rferqme;‘.er system as the signal ra,dia',t,iop, so
that to a very large extent the reference derived from its interferogram is
fixed in phase relative to the interferogram of any given siénal radiation,
regardless of any irregularities in scan, or variations in the interferemeter

arm lengths,
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" When this synchronous detection i§ carried out; ‘the result is a
signal containing only the information of the sidebands 5f the original signal, -
beat down to zero fréquéncy mean. (Actually two siich sighals ‘are produded,
from references both in phase and in quadrature phase with the reference in- -
tetferogram.) "The signal's information is still'bérid:i‘:l;rnit:ed,'"b'.)r virtue of the
.original ‘spectral band limitations. The sighal is "the'ré"fer"e"iht:?eg'r'éte:d and
digitized at an interval“sufficient to r’etriev:“e.this"iriformation, ’predu‘ci'n':g a
S

BRI

preprocessed, digitized, interfe:ogram:

6.1.3 Final Processing: - Final process1ng consists of applying a

linear digital filter (''weighting function" or ”we1ghts") to the preprocessed
interferogram, The filtering operation consists of tak1ng the weights, one
for each point of the interferogram, 'm”'ulv't‘ip‘lyi'rig'them' together with the cor-
responding ‘interferogram points, and summing the results. The weights-are
chosen, in a manner to be described below, so as to give a final result which™
is insensitive to variations in'all parameters except the desired one. (The
weights are also‘chosen'to give a result which is 'oﬁtimiz’éd against’a mixture
of noises.) The result may be directly converted using a defined zero point

and scale factor, to units of target gas burden '(at_m-:c'm.,i ppm-m); etc.

6.2 Determination of Weights -

6.2.1  Basic Philosophy and Theory: - The determination of the .

weights is based on the possibility of representing any observed interfero-
gram as a linear combination of compenent interferograms. The number of
such component interferograms required to rep'resent'é range of actual ob-
served interferograms to some accuraey,{will depend on a nurnher of factors
depending on the range of condltlons under Wh1ch the 1nterferograms are ob—
served. The number W111 depend mamly on the nuxnber of parameters wh1ch

[

vary s1gmf1cant1y over the range of cond1t1ons, _ and to a lesser extent on the



degree of non-linearity in the variations of the interferograms with these
parameters, A_(Pg.r_a'nr_xeter.s will ,chara_cte.risticany represent factors such as
water vapour burden, 1Ajnelthan_e}bu.17den, and tempeljature pr_oﬁle, as well as .
_ the target ('Z:Qt_burden_)., . ]

Consider then any interferogram I within the defined range. It
may be written as a linear combination of N constituent interferograms.
Using the index K to define the point on the ihte‘rfe,r‘ogram, .and J to define
the particular constituent interferogram we may write

1

1 qJ IJ(k)

. Nr B
k) = T
L =

The qJ's,a.re the strengths of the cqnstituent'inter_ferograms in the particular

interferogra_m observed. Let us assume one of ,thefsg, R ié the target gas

, 5
burden. .
‘Now the final processing consists of the application of a weight-

ing function, H(k), to the interferogram. The resulting measurement. is

M

{t

TH(k) (k) ..
k

?quH(k)IJ(k) I :

From this, it can be seen that if we ‘can fi'n'd'weights H(k) that give

i Nk S o .
T Hk)I (k) =.1 J = J1. o \
" J' : -

' 9 I 431

-4

h

then the measurement will be M the té.rget burden. If J varies from

q ’
. i . J1
1 to N, then this is a set of N equations in as many unknowns H(k) as there
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are interferogram points (NK). In order for these eq’uétions to be satisfiable,
there must be at least as many interferogram points as there are constituents
(Nk =z N). In the case that Nk = N, there are N lipear equations in N un-
knowns, and the solution for the H(k) is straigﬁtforward. .

In the case that there are more interférbgram points than there
are constituent interferograms, there are many possible weighting functions
which will satisfy the N equations. It is however possible to choose a unique
set of weights by considering the noises in making the measurement, and

minimizing their effect on the measurement.

6.2.2 Noises in Measurement: - The noises operate in the following
manner. The total integration time for measurement of a given point may be
written D(k) (its duration, assumed unity up till now). The contribution to

the final measurement for that point is actually AM(k).

CAM(K) = [H(k) D(k)] k) . | .

NETEN

The noise contribution for that point is significant in how it can vary this

from its ""correct' value. The noises may or may not decrease with inte-
gration time: that is, they may be either randém or synchronous with the
scan. They may or may not depend on the expected 1ével of the interfero-

grafn itself <I>_, (an RMS value for the constituent interferograms at a

k
given point): that is, they may be either aaditive or multiplicative.

A discussion of various physical origins for these noises will
be presented elsewhere (Section 6.2.4). However, it is sufficient at this
.... a_, which

1 4
represent the severities of the four possible combinations of noise type:

point to be able to characterize them by four numbers, a
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a - Random Additive " (RA)

{ 1
a, - Random Multiplicative (RM)
a, - Synchronous Additive (SA)
a, - Synchronous Multiplicative (SM)

The noises will combine in an RMS manner to give the mean square noise
2 . . .
contribution AN (k) to the measurement at a particular interferogram point,

and we may write

AN (k) [H(k) D(k)]2 x [(;1 +a, <i>12<)/D(k)‘

4; + -<I>2) |
(ag+a, k]

[H(k) D(k)]z G(k) .

G(k) is an effective mean square interferogram error for point k (although

it may originate through error in either H, D, or I).

6.2.3 Derivation of Weights: -
The total measurement is thus

M = i AM‘(k) - i [HD]I

and the total squared noise is

2 2, 2 o
N —_iAN (k) i[HD] G

It is possible to choose, given the various I_(k) and the duration D(k), those

J
values for [HD]k which minimize the above noise term; subject to the con-
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straint that M = ;- the target quantity, regardless of what values the

qr
J1
other quantitiés may have (to the extent that the assumed linear representa--

tion is valid)..« The solution, derived elsewhere (Grenda, et al,  1971), is

[HD]k JIJ'I _Jv(.k)./‘é(.k)’,‘-

3

. N 1 .
where A~ -is .'the.1pvelrse of the matrix.

AJ,L‘

B 1,09 1, (97609,

HD, /D(k).

(Kndwing D(k), H(k)' »
A coupie of points should be noted first, the Weights pro-
duced in this manner may be mu1t1p11ed. by an a,;:bit_rar,&r scale fac.to'r, to give
a new set of weights; however, the signal to noise ratio will remain un-
changed. Secondly, if G(k), (the squaréd noise at a given point) is multiplied
by a scale factor; (i.e. if all noise terms ai are increased by the same fac-
_tor), then there is no change to the weights produced. In fact,- G(k) may be

written as:

4 2
G(k) = const x [1 + R <I> ]k

Wher; "R = [aZ/D(k)+a4]/[a1/D(k)+a3]

represents the relative importance of the multiplicative terms with respect
to the additive terms. If we assume D.(k) is constant, then this one param-
eter will determine the weights produced;Awhether.they optimize against-

multiplicative‘noises (R >>1), Vadditiye noises (R <?1), or'some‘intermediate '
mixture, Analysis of the way R varies with the é.'s for reasonable values of
the noises should indicate which terms will have most affect on the shape of

the weights produced when varied.

90



.Sifnila_rly, it is possible to examine the relative importance of -
the two multiplicative-terms. (in the numerator). In fact, the ratio of their
contribution to the total .fina_l nois‘e.is given by a4 X D/a-z.- 4The_-same' is true
for the two additive terms. On the other hand, to examine the total contri-
bution of both multiplicative terms in 'c:t")mpariso.n to the cont;ibution of the
additive terms, it is necessary to first calculate the weights. Once this has

been dorne the absolute importance of the four noises may then be calculated,

in the same units as those in which the target burden is measured:

N2 = a pHD)/D
N = e, D) "
I L
Ni = a; T (HD<1>)%
6.2.4 Phys\;call‘LOr\ii'gin; fc;r.flwre Noise Terms: - ‘The various noise

terms may each arise due to one or more sources. Some possible sources

are listed below:

RA: - Detector noise.
- Photon noise.
.~ . Other electrical noises.

- .- Digitization of integrated outputs.

RM: - Sc1nt111at1on or rap1d var1at1ons in target
: ' albedo or illumination. *

- Random errors in derivation of reference signal.’

- Rahdom variations in scan waveform.
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SA: - Presence of spectral signatures which were
“not represented in sample used to derive

weights.

- Crosstalk from reference into signal channel.

SM: - Inaccuracies in carrying out multiplications
(truncation of weights).

- Change in scan waveform from the shape
when the weights were derived.

6.3 Software

6.3.1 Description: - As described in detail above, processing of inter-
ferograms, either theoretical or experimental, consists of applying a linear
digital filter (''correlation functién" or ""weights'') to the interferogram.,

These weights are chosen so as to give a final result which is indicative of the
quality of one of the atmospheric components contributing to the interferogram,
and which is insensitive to variations in all other parameters. The filtering
operation consists of taking-the weights, one for each point of the interfero-
gram, multiplying them together with the corresponding interferogram points,
and summing the results, (The weights are also chosen to give a result which
is optimized against a mixture of noises.) . The results are also difet:tly con-
verted using a defined zero point and scale factor, to units of target gas bur -
den (atm-cm, ppm-m), étc.

A software package has been developed for use with a large com-
pute\i‘ system to input interferograms deriving the weights for a given‘noise
mixture, evaluate the noise severities, and to simulate measurement on inter-
ferograms using the weights. |

The procedure for the determination of the weights is to‘accept
a set of interferograms and define the delay region over_which fhe ‘Weighté are
to be applied, One interferogram is designated as "'nominal', and another

desigﬁated as ''target”. Weights are derived, based on the assumption that

92



all interferograms except ''target" represent a single value of the desired
parameter (CO burden), while other parameters are varied. ~The interfero-
gram designated as ''nominal" is assumed to represent the same values for
the other parameters as does ''target''; i.e. ''nominal' and ''target'' are as-
sumed tc; differ only in the size of the target parameter, .

,The weights aetermined will then give measurements which havé
a zero for the target parameter value used in '"nominal', and a scale of 1 for
the target ﬁé.rameter va:riation between '"'nominal' and "target"'.

(In order to reduce the sizes of numbers to be handled, the nom-
inal interferogram is subtracted from all others, so that difference interfer-
ograms are actually used. Because of assumptions of linearity, this makes
no difference to the algorithm for determining the weights.)

(It may also be noted that the program actually deals with in-
terferograms containing both inphase and quadfature phase components.
They are just handled as if there were twice as many dé.ta points I(k); al-
though an extra index is needed to reference the two components. )

Values aré input to the program representing the noise levels
(RA, RM, SA, SM), and the total time, T, available for measurement.

{The measurement time should include any duty cycle factor which may make
it shorter than elapsed time. Values for RA, etc. will be discussed later.)
Based on these, the a are calculated.

The interferograms and noise parameters are then input to a
subprogram which carries out the weight generating algorithm, returning the
weights.,

Provision is included in the program for putting out the noise
components for given a, and T, and to also put out the expression relating to
the size of the noises to the parameters.

An AGC function is also carried out by the prograi’n. In the
case of computer generated theoretical interferograms, the normalization is

done on the basis of the interferogram value at the first point, (assumed to
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be the zero delay poi\nt, proportional to the total r_adiationAre‘ceivewd). For in-
terferograms genéi-afef:i by the actual instrument, a.good deal of the AGC.
function is carried out by the hardware. However, a term proportiolnal to the
duration of the measurement remains (mjrhber of scéns). This factvvor is re-
moved for tapes generated by the NOVA by dividing ull interferogram i)oints
by the total number of"frin'ge's duration of the measurement at each- péint, as
the values are put into core. A ﬂbw chart of the program is given in'Figﬁre
6.3.1. A listing is given in Appendix B.

 6.3.2 Values for Noise Inputs: - Values for the noise terms may be

determined by either knowledge or estimation of system parameters, or else
empirically by the examination of instrument generated interferograms.
Conversions from the values input to the a also depend on whéther the inter-
ferogram set was computer or instrument generated. -Certain terms depend
on whether the program is running with instrument generated (INS) or cor;m-
puter generated (COM) intérferograms. | B | o

The inputs are RMS noise levels for the follé)Wi_ng conditions:

RA - Noise for [ unit (1 fringe) integration time (INS) }, interferogram
L unit band-width ) (COM) } units

RM - Noise for unit integration time, fractional interferogram units

SA - Noise in limit of long integration normalized to 1 fringé -

integration units
(INS)

as a fraction of
DC level x 10
(COM)

SM

Noise in limit of long integration, fractional units

6.3.3 Noise Values Based on Instrument Measurements: - If empir-

ical observations are available from the instrument the appropriate varia-

tions, AV, of measured values, V, taken under conditions of N fringes inte-

1
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gration per point, the necessary conversions are listed below: (Time, T,

used with these inputs should be the total duration of the measurement to be
- : : - : L : 4 voEom

optimized for, in fringe‘s.)

RA = <AV>//N
RM = <AV/V>x/N
T SA = <AV/V>
'6.3.4 RA and SA for Computer Interferogréms: '-" In the case of com-

puter generated interferograms, fdr the RA term, a system NEP for 1 Hz
bandwidth may be known, along with the system throughput, T (sz sterad),
including instrument inefficiencies). The conversion to RA will depend on"
the the interferogram units used. These may be either watts/cm2 sterad,
or equivalent width of the instrument pius atmosphere transfer function.

- : ' 2 .
(These correspond to units in the original spectrum of watts/cm ™~ sterad

-1
cm , and fractional transmission, respectively.) The conversions are:
Units for Original Spectrum |Detector Limited Photon Limited
2 -
W/cm sterad cm 1 NEP/(T x DNU) /ZWNUhV/T/DNU
Fractional Transmis sion NEP/(T x Nv x DNU) /-ZWhU/NvT/DNU ~

NU ?s the bﬁackground radiance, in W/cm2 sterad cm-l, and DNU is the spec-
tral int;erval at which the original spectrurn‘ was sampled when the Fourier

transform was tak.env. (Provision is incluaed in the program for tranéferring
DNU aimixg with the interferograms. If this has been done, it ;’rxay be set to- 1

in.the above conversion.)
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A rough estimate for the SA term may be made for use with the
corriputer ihterferograms as foliows. The mean optical depth, x, may‘ be
estimated for those absorbing constituents which have not been included in
the computer modelling, .those constituents which rnight not be represented
in the range of observation used to define the weights). Assufning that the
spectrum of their absorption is random, then the value to be used for SA

would be SA = X (giving a, = X times the interferogram DC level). In

3
practice, the spectrum is never completely white. If we assume a 1/f type
of v_ariation, then RA should be decreased according to the distance of the’
interferogram working region from zero, a factor of 10 (implying a distance

2 .
of 10 fringes from the origin) has been built into the program. Thus, for a

system working N fringes from zero delay,

SA ~ X/(N/100) /2

This procedure does not work for non-random interfering spectra. If a di-
rect estimate can be made of the interferogram amplitude due to an unac-
counted interferent, as a fraction X of the DC level, then the number to use

is
SA ~ 10 X.

(It may be recalled that it is possible to decide on the basis of a, ‘and a,

whether or not the SA noise is significant in comparision to RA noise.)

In terms of the inputs, the quantities to consider are listed below,

Interferogram
Instrument Computer
QA RA/SA /DT 4 RA/SA x WO x DNU x VDT
QM RM/SM /DT RM/SM /DT
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For the computer QA term, WQ is the interferogram DC level, DNU the
spectrum step if transferred with the interferogram. DT is the aizfé.'i:i'd;m -
for the measurement of a single point, (fringes for the instr’ument,‘ seconds
for the c&mputer interferograms). ' ‘
When a Q ié much greater than 1, the associaféd r'an.dorr;.term

dominates the synchronous term, and vice versa.

6.3.5 Data Output: - The output of this program is a list of the target
species burden in both test units of target gas burden. One test unit is the
difference in species burden between the target and nominal interferograms.
Since the actual burden ié stored along with the interferogram, usually in
atm-cm, it is possible for the program to convert the test units into burden
units. V ‘

- In addition to applying the correlation function and listing the
target species burden for the test interferograms, as a check the correlation
function is also applied to the basic set of interferograms from which the

[

correlation function was generated,
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7.  RESULTS

DT ESO LT -

Calculations 'i'xavne beén mad; with several programs. Initiai .calcula‘-
tions were made with a s.ingle-line model. For each of several lines of the
overtone a;nd fun‘damélixtal bandvsv, calc‘ulatiéns were madé of absorption across
the line, the line shape as a function of ailtitﬁde, net absorptvion as a function
of altitude for various. CO density profiles (including sinks and various tem-
perature profiles, integrated net absorption as a function of gro‘uAr')d temper-
ature and emissivity, and of other factors which influence the net intensity.
With a second program, calculations were made, for the limb mode, of the
effect of instrument error on the inversion of measured total CO densities
in the path to obtain a CO profile. With a multi-line program which com-
putes the.‘slp_gctrum.i_nc;i‘_dent on the instrument, generates the ccprre'sponding
interferogram, and,. with another program, inverts this to CO densities in
the path, calculations were made to determine.the sensitivity of the technique

and the effects of various atmospheric parameters. .

7.1 Atmospheric Transmission

7.1.1 Calculation Model: - Absorption by the CO overtone (2.3 yu) and

fundamental (4. 6 u) bands has been studied using the computational technique
described above. The geometry selected for the calculatidn considers a sat-
ellite observing the earth from the zenith. Consequently, lines of the funda-
mental band are strongly absorbed whereas those of the overtone band are
relatively weak. The results then are based on a comparison between these
two cases with emphasis placed on the effect of assumed atmospheric pro-~
files on the observed signal.
Two programs for the calculation of atmospheric spectral trans-

mission were written. One is a single line model used to calculate atmo-
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spheric transmission for a variety of conditions appropriate to the CO prob-
lem. Spécifically, it was used to compé.fe the first overtone and fundamehn-
tal bands, to determine the effect of ground temperature vax;iatiohs, to dé:‘-
termine the effect of variation and uncertainty ground emissivities (at spe-
cific wavélenéths), ‘to test the effect of différent Lorentz haflf—widths,"‘a’nd to
test the effect of low-altitude CO sinks on the transmitted signal. ‘

The second program is a multi-line model which c':;ofnputes at-
mospheric transmission for multiple overlapping spectral lines. It has been
used to calculate the 'spectrumlincident on th'e'instrument,"'and thé output in-
terferogram. A separate program establishes weighting”functions and uses
them to compute CO density.' ' | - A

The program can handle a total of 150 different lines, distrib-
uted in any way between three chemical species (CO plus any two others).

'Three different cases (Figures 4.1.1, 4.1.2) are incorporated in the pro-

gram:
1. Ground blnackbv;u;ly> radiatio.n (4. 6 p,)
2. ~Limb transmission (2.3 or 4.6 W)
3. Reflected sunlight (2.3 p)

Parameters which can be varied by means of iﬁput data include
the temperature and species coﬁcentration profiles of the atmosphere, | ground
terﬁperature and emissivity, reflectivity, viewing angles, incident radiation
angle, and grazing height. -

The line overlap system operates basically as follows. Fo;'
each spectral line, a '"line inclusion band" is computed. This is the frequen-
cy band over which each line must be considered. The limits of each band
are the distanée'ong must go from each line center to reach a threshold inten-
sity. This threshold inter‘)‘sity is defined as a preselected percentage (usually
1%) of the weakest line. For the purposes of determining these bands, a

Lorentz line shape of nominal width 0.06 <:m-l is assumed.
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. The spectrum is not computed at uniformly spaced points. The
spac'ing v_al.,r'ies frém as low as 0.001 cm-l near the line centers to as much )
as 0.5 cm-l between lines. The actual computation of the net transmission
is done by solving the basic fadiative transfer equation in much the same -
way as previously described for the single-line calculations. The overlap of
lines is represented by addition of their absorption and emission coefficients.

The compiexity of the computation has resulted in a program
too .lar'g-e to fit a 32K word computer memory. It was therefore necessary to
use an gvgrl#y s&{stem, whereby each section of the program is stored on a
disc and brought inté memory ax_é peeded. Using this system, the program
occupies a maximum of about 24K words. Preliminary runs using geometry

case 1 and 13 CO lines had a running time of about two minutes.

7.1.2 Single- aﬁd Multi-line Models and Line Shapes: - The net
change in'intensity for'the R7 line of the fundamental is given in Figure 7.1.1.
This shows by tine solid curve the results obtained by the single-line model
and by the x's the results obtained by the multi-line model. These agree '
within 1% and it can be' concluded that the comparison of the fundamental and
overtone bands can be carried out using the single-line model.

A variety of atmospheric models were used for the computations
(AFCRL, 1966). The préssure was taken from the 1966 U. S. Standard At-
mosphere. Temperature and CO concentration profiles were varied as shown
in Section 2. For all calculations discussed in the following pages, the con-

ditions used, if not otherwise stated, are:

CO Profile 1
Temperature Model 2
Ground Temperature = 0 km Atmospheric Temperature

Emissivity = 1.0
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Reflectivity = 0.1
Bandpass = 20 cm’

Lorentz Half-width (R7) = 0.06 cm-l

Calculations have been made for six CO profile models (Table 2.1,1, Figure
2,1,1)

1. Standard (0.1 ppm)

2.  Low Altitude Urban Source

3. Low CO (0.01 ppm)

4. High Altitude Sink

5. Low Altitude S.ink (Effect to 9 km)

6. Low Altitude Sink (Effect to 3 km)

These models were used to evaluate the emission and absorption coefficient
~and compute the CO absorption spectrum which would be observed at an alti-
tude of 80 km.

o The absorption and emission coefficients are functions of pres-
sure, temperature, and CO number density. This is illustrated by Figure
7.1.,2 'which shows the spectral absorption coefficient of the 4.6 P8 line as
a function of altitude for the standard temperature and CO models. At low
altitudes the lines are Lorentz broadened and' then as altitude increases,
Doppler broadening dominates. When these absorption coefficients are inte-
grated over the atmosphere, the line profile variation with altitude is mani-
fested by an emission peak at the center of the absorption line. This behav-
ior is illustrated in Figuré 7.1.3. Physicaily,“earthshine is absorbed up to
an altitude of about 30 km. At thié po’int, the atmospheric temperature rises
and the light flux is increased by emission. However, because the line pro-
files are very sharp at this altitude, the emission is observed only near the
line center. |

A second example of the importance of atmospheric emission

is illustrated in Figure 7.1.4. Here the net change in absorbed intensity
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with altitude as integrated over the P8 line of the fundamental is shown as a
function of altitude for the four temperature models and the standard CO
model, TwoAtemperature profiles have inversion layers which cause a net
increase in the light flux (negative absorption). When the temperature drops
there is less photon emission and the net absorption increases. For the case
of the P8 line of the overtone, this behavior is not observed as shown in Fig-
ure 7.1.5. The reason for this is source temperature. In the case of the
overtone, reflected sunshine dominates the intensity at the earth's surface,
whereas at 4. 6, earthshine is the dominant contributor to the ground inten-
sity. The atmosphefic temperature can be higher than the ground tempera-

ture and hence atmospheric emission becomes important.

7.1.3 ‘)CO Profile Effects: - The effect of CO number density profile
on the inténsity ha;s been éxarrﬁned usihg the s'tanda_rd temperature profile
and the six CO models. The results for fhe change of i'ntenéity with altitude
for the P8 line of the fundamental are shown as a function of altitude in Fig-
ure 7.1.6. In all cases; except the urban atmosphere, the change in inten-
sity péaks between 6 to 10 km whereas it should peak at ground level except
. for the low-altitude sink models. This peak is caused by a balance between
the changing CO concentration and the emission. In the case of the urban at-
mosphere, the CO concentration profile dominates. This balance should be
emphasized in that the change in absorption at 4.6 microns is not directly
proportional to the CO concentration. On the other hand, similar calcula-
tions for the P8 line at 2 3u are a direct measure of the CO number -density.
This is shown in Figure 7..1.7. The difference between the two wavelengths
is again caused by the éfféctive source temperature.

These data show that absorption spectra as observed from 80
km depend on the atmospheric profiles of the absorbing species and on tem-
perature. The temperature dependence of the spectra is controlled by the

temperature of the absorbed source. For the cas¢ where earthshine is im-
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2.2

2.0

1.8
- - - NORMAL TEMPERATURE MODEL
—— LOW TEMPERATURE MODEL

1.6

— — HIGH TEMPERATURE MODEL
INVERSION LAYER MODEL

da_-1)
dh

x 109

(watts cm-.2 ster-l kfnnl)

"ALTITUDE (KM)

Figure 7.1.5 Variation of Rate of Change in Absorbed Intensity
Overtone (2.3u) (R7 Line)
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portant the absorption profiles are strongly effected by the atmospheric tem-
perature profile. Also in this case, the change in absorption with altitude is
not a direct measure of the absorbing species. On the other hand, when the
absorbed source is the eun,.,the absorbed signal is almost independent of the
temperature profile andv the change in absorption with respect to altitude is
directly proportional to the concentration of the absorbing species.

The results are shown in Table 7.1.1 for the six models and in
Table 7. 1. 2 for models in which concentratmns of the CO were multiples
(.1, .2, .4, .8, 1., 1.6, 352,» and 6. 4) of the standard atmosphere at all
altitudes. | |

The effect of low a1t1tude smks on meaSured CoO densities is
seen in Tables 7 1.3 and 7.1.4 usmg temperature models 2 and 4, respec-
tively. ' The numbers presented are those of the percent d1fference of the ac-
tual CO density in the model and that caleul_ated using the computed net ab-
sorption for that model and converting't}rat byrimeans of the data of Table
7.1.2. It can be seen that at 4, 6 w the errors:are‘ larger than the differences
in the amounts~ of CO in the standard and the éink 'mode.ls. To improve these
results, an atmospher1c CcO prof11e would have to be known for measured
CO densities; this cannot be, assumed to be obtamable. The errors for the
temperature model 2'are 'less‘drastic than those of model 4 which has an in-

version layer. The latter errors are ext'remelj} large for the 4. 6, band.

7.1.4 Temperature Profile Effects: - Calculations have been made

for temperature models 1, 2, 3, and 4 (Tablle.'?:. 1.3 and Figure 7.1. 6) using
the 0.1 ppm CO model. The calculations -sHown in Figures 7. 1. 4and 7.1.5
were made for the R7, P1l, PS8, and P26 lines of the fo.ndamental band and the
R7, Pl, P8, and P26 lines of the overtone band, using CO model 1. The
results for this are shown in Table 7.1.5. The tab.u.lated results lshow'a‘great
dependence on the atmospheric temperatore model fo'r; the 4.6 band and little

déependency for the 2.3y band. The graphical data of Figures 7.1.4 and 7.1.5
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TABLE 7.1,1 EFFECT OF CO PROFILE ON ABSORPTION

FUNDAMENTAL (4.64)

CO MODEL nco(cm'z) R7 Pl P8 - P26
STANDARD 2.15 (18) .2002 . 0810 . 17000 .00104
LOW ALTITUDE SOURCE 5.21 (19) .6620 .2974 . 5695 .0167
LOW CO 2.15(17)  .0439 .0119 .0350 .000107
HIGH ALTITUDE SINK 2.09 (18) .2006 . 0807 .1703 .00102
LOW ALTITUDE SINK - 1.37 (18) .1580 . 0642 .1335 ., 000614
(9 km)
LOW ALTITUDE SINK 1.93 (18) .1963 .0795 L1666 . 000965
(3 km)

OVERTONE (2.3u)

CO MODEL nco(cm'z) " R7 Pl P8 P26
STANDARD - 2.15 (18) .00647 .00144 . 00462 . 0000098
LOW ALTITUDE SOURCE 5.21 (19) .1226 . 0299 .0953 . 000431
LOW CO - 2.15 (17) .000662 .000146 .000471 .0000011
HIGH ALTITUDE SINK 2.09 (18) .00631 .00140 . 00451 . 0000097
LOW ALTITUDE SINK 1.37 (18) .00418 . 00095 .00292  .0000037
(9 k) . _ .
LOW ALTITUDE SINK 1.93 (18) .00582 .00130 .00413 .0000068

(3 km)



- TABLE 7,1,2 EFFECT OF CO COLUMN DENSITY
ON FRACTIONAL NET ABSORPTION

“co““fz)
.15 (17)
2317
L6 (17)
.72 (18)
.15 (18)
.44 (18)
.88 (18)

1.37 (19)

L S

(o2 TN VSIS N

nccﬁcnm )

2.15 (17)
4.3 (17)
8.6 (17)
.72 (18)
2.15 (18)
.44 (18)
.88 (18)
1.37 (19)

[—

o W

. FUNDAMENTAL (4.64)

R7

. 0439
. 0741
.1174
. 1769
.2002
.2585
.3714
. 5292

OVERTONE (2.34)

R7

. 000662
. 00131
. 00260
.00518
. 00647
.0102

. 0197

. 0370

Pl

.0119
.0223
. 0405
. 0692
.0810
.1108
.1683
.2470

Pl

. 000146
. 000286
. 000569
.00115
. 00144
. 00228
. 00455
. 00895

P8

. 0350
. 0604
. 0978
. 1496
.1710
. 2205
.3183
. 4545 .

P8

. 000471
. 000926
.00185
. 00369
. 00462
. 00729
.0142
.0272

P26

. 000107
. 00020
. 000410
. 000820
. 00104
. 00163
. 00322
. 00629

P26

. 0000011
. 0000015
. 0000032
. 0000071
. 0000099
. 000014
. 000030
. 000059
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CO MODEL noglem™) - R7 Pl P8
HIGH: ALTITUDE SINK 2.09 (18) 0.2 ~ 0.0 . 8.3
LOW ALTITUDE SINK (9 km) 1.37 (18)  14.6  10.5  18.0
LCW ALTITUDE SINK (3 km) 1.93 (18) 8.1 2.7 12.7

CO MODEL nofem™  R7T . PL P8
HIGH ALTITUDE SINK . 2.09 (18) 3.5 4.5 3.5
LOW ALTITUDE SINK (9 km) 1.37 (18) 6.1 6.1 6.1

{ EFFECT OF CO PROFILES ON DERIVED
CO'CONCENTRATIONS (% DEVIATION)

FUNDAMENTAL (4.6u)

OVERTONE (2.3 )

LOW ALTITUDE SINK (3 km) 1.93 (18) 2.7 2.7 2.1

114
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TABLE 714 EFFECT OF PROFILES ON DERIVED .
st - O’ CONCENTRATIONS - TEMPERA-
TURE INVERSION (% DEVIATION)

* FUNDAMENTAL (4.6 )

~*'co MODEL i nco(cﬁl-‘z)' .“R7T Pl .. P8
LOW ALTITUDE SINK (9 km) * 1.37 (18) - 13.3 10.4° - 17.0" .
LOW ALTITUDE SINK (3km) 1.93 (18)" 0.9 295 " 32.6

OVERTONE (2.3 )

co MODEL ne O(cm 2) R7 Pl P8

R

LOW ALTITUDE SINK (9 km)  1.37 (18) 7.4 7.4 7.4

LOW ALTITUDE SINK (3 km) 1.93 (18) 3.6 4.7 26

P26

0.

35.

04

2

<115



TABLE 7.1.5 EFFECT OF TEMPERATURE
PROFILE ON ABSORPTION -

4.6,

LOW TEMPERATURE
NORMAL TEMPERATURE
HIGH TEMPERATURE

INVERSION LAYER

1 2.34

' LOW TEMPERATURE

NORMAL TEMPERATURE

HIGH TEMPERATURE -

INVERSION LAYER.
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R7
1613
.2002
. 1942

L1270

.00660
. 00647
.00637

. 00639

Pl

. 0677
. 0810
L0772

. 0521

. 00152
. 00144
. 00140

. 00140

P8

{1325’
~.1700
. 1662

- . 1063

. 00462
. 00462
.00461

. 00461

P26

. 000489
00104
.00134

.000433

.0000062
. 0000098
. 000014

000013



show the contribution of various altitudes to the net absorption. - The 2.3y
band shows absorption as a function of altitude to be as would be expected
whereas the 4.6 band shows much less absorption below about 5 km (and,
in fact, a significant net.emission in some regions) which is an important

region for CO sink studies.

7.1.5 Ground Temperature Effects:. - The calculations described

above included a ground temperafure of each model at 0 km. Calculations
have also been made for a différent ground temperature. The following cases

were carried out.

+

Atm. T. Model T

Ground Model Atm,
288.2 2 . 288.2
288.2 1 ' 257.3
288.2 3 302. 6
288.2 4 283.2
273.2 2 288.2
284.2 2 288.2
287.2 2 288.2
289.2 2 288.2
291.2 2 288.2
2 288.2 .

308.2

The results of these calculations are shown in Tables 7.1.6 and 7.1.7 and in
Figure 7.1.8. Drastic effects are seen for the fundamental band (4. 6 ) and
negligible effects are seen for 2.3 . From Figure 7.1.8 for the R7 line of
the fundamental band it can be seen that an underestimate of the ground emis-
sion by 14% (as would be caused by an underestimate of the ground tempera-

ture by 40) causes a 12% overestimate in the CO density while a 12% over-
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TABLE 7.1.6  EFFECT. OF. GROUND TEMPERATURE: «
.ON ABSORPTION.. = up;

 FUNDAMENTAL (4.64)

R7.-- -

257.3
LOW TEMPERATURE «
288.2
302.6
HIGH TEMPERATURE o
288.2
‘ 283.2
INVERSION LAYER W
' 288.2 .
OVERTONE
257.3
LOW TEMPERATURE
288.2
302. 6
HIGH TEMPERATURE
288.2
283.2
INVERSION LAYER
288.2

118

.1613

.2500

. 1942

. 1342

. 1270

1540

(2.3p)

RY
. 00660

. 00657

. 00637

. 00634

. 00639

.00635

. 00140

.00138

.00140

.00139

P8

. 1328

L2117

. 1662

.1128

. 1063

. 1302

P8

.00462

. 00459

. 00461

. 00457

. 00461

. 00458

P26

. 000489

.00104

. 00134

. 00415

. 000433

. 000793

P26

. 0000061

. 0000053

. 0000137

. 0000122

. 0000128

. 0000144



’

TABLE 7.1,7 ' EFFECT OF GROUND TEMPERATURE
ON APPARENT ABSORPTION
OF SOURCE RADIATION

FUNDAMENTAL (4.6 )

Tg _ . R7
273.2 ' . 1337
- 284.2 o . 1866
287.2 L1971
288.2 = .2002
289.2 .2033
291.2 7, 2091

308.2 .2428
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estimate of the earth emission (a three degree overestimate of th;-: grox-md
temperature) would cause about an 8% underestimate in CO density. These
calculations all used the same temperature profile (2) and the same CO pro-
file (1), varying the earth emission. When searching for sinks which c;ause
changes in CO density of the order of 10% such errors are larger than can be
tolerated. Other lines of the fundamental show similar effects. The curve
for the R7 and other lines of the overtone would lie on the abscissa showing

1

that there is no ground intensity effect on this band.

7.1.6 Emissivity Effects: - In calculations described above, an emis-

sivity of 1 was used. Since certain ground areas have appreciably different
emissivities, calculations have been made using emissivity values of 0.95,
0.9, 0.8, and 0.7 for the 4.6 band and a value of 0.7 for the 2. 3 band,
with each of the four temperature models.

Drastic effects in the fractional net apparent absorption are
seen by the data in Table 7.1.8 at 4. 6 , while those at 2.3, are negligible.
Figure 7. 1.8 shows that a change (AIV) in ground emissivity from 1 to .9 to
.8 gives changes in measured CO density of 8% and 18%, respectively. CO
density is obtained from intensity changes by use of data in Table 7. 1.2,

It can be seen that atmosphere and ground temperatufes and
ground emissivities would have to be very accurately measured to be able to
interpret any CO data obtained by remote measurements at 4.6 .. It appears
that the best expected temperature data will have an accuracy of £ 2K
‘(Houghton and Smith, 1970; Abel, et al, 1970a; Abel, et al, 1970b). These
data would not be expected to be this accurate if an inversion layer exists,
Even + 2 K would present substantial effects at 4.6 . Further, the ground
temperature and emissivity would have to be measured accurately and would
have to be known to be that of 4. 6, since the emissivity may vary with

wavelength.
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TABLE 7.1, 8 EFFECTS OF EMISSIVITY ON

FRACTIONAL NET ABSORPTION

FOR R7 LINES

TEMPERATURE MODEL
"LOW

- TEMPERATURE.

'NORMAL . - =i ..
TLMPERATUREJ,

NORMAL

TEMPERATURE
Tg = 288.2 . -

HIGH

TEMPERATURE -

INVERSION
LAYER

00006 ~
~ 0 WO O

co oo
RS I IRV IRV ‘

O O O O — b

OO0 QO —
T 00 OO

~ © O O

" 4.6p

161
. 155

. 149 -
. 133

113

.200
.196

.191

. 180
. 165

. 200
. 191

-165 -

194
.190 - :

. 184
. 172
. 156

. 127
.119
.110

., 0886 :

.0710

2.3

.00660

. 00657

200647

. 00644

. 00637

. 00634

. 00639 -

. 00635



7.1.7 Effects of Other Parameters T Calculatmns made to test the
effect of reﬂect1v1ty show this effect to be small for the 4 6p, band and negli-
gible for the 2.3 band. These data are g_iven in Table 7. 1. 9. The effect is
due to a chavnge in source intensity with no accompanying change in atmo-
spheric emission.

Calculations made to show the effect of Lorentz half-width on
absorption. Slgmfmant effects were found for some conditions for the 4.6
band while the effects on the 2.3 band were small. Results are shown in
Tables 7.1.10 and 7. ll 1. This ehdws that the’value of 02

, v 12
‘must be known:to accuracies of the order of 10% for the fundamental, while

in Equation 4.21

for the overtone an accuracy of 50% is sufficient.

Calculations to test the effect of bandpass (the distance from the
center of the line over wh1ch the absorptmn is 1ntegrated) were” made. As
expected this has an apprec1ab1e effect if too small a bandpass is taken,

Data for four lines of the 4.6 and 2.3 uw bands are given in Tables 7.1.12 and
7.1.13 for bandpasses (v = v_) of 20, 2, and 0.1 em” L,

R

7.2. Expansioﬁ of Overtone and Fundamental Bands;

Using the data given in the preceeding tables, a summary may
be made o)f the two general wavelength regions, the 2.3y band of the first
overtone of CO and the 4. 6 band of the fundamental of CO.. =‘A'lnl other CO
bands have been found to-be impra‘ct{cal (Bortner and Kummler, 1971).

The absorption of the 2. 3 radiation has been found to be suffi-
cient to produce the required sensitivities and ranges using the correlation
interferometer technique for optical thicknesses appropriate to both the map-
ping and the limb experiments, co-nsidering nominal ambierit atmospheric con-
centrations and reasonable fractions thereof.

The absorption of the 4, 6 4 radiation is, of course, sufficient for

the experiments. One difficulty arises at the higher optical thicknesses ap-
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TABLE 7.1.9

EFFECT OF REFLECTIVITY
ON FRACTIONAL NET
APPARENT ABSORPTION -

P R7
0.4 .2058
FUNDAMENTAL 0.1 .2002
(4.6u)
0.02 . 1986
0.4 .00651
OVERTONE
(2.30) 0.1 .0064{7
0.02 00655



TABLE 7.1.10 EFFECT OF LORENTZ HALF-WIDTH

STANDARD CO

LOW ALTITUDE
SOURCE

LOW CO

HIGH ALTITUDE
SINK

TABLE 7.1.11

STANDARD CO

LOW ALTITUDE
SOURCE

LOW CO

HIGH ALTITUDE
SINK

ON APPARENT ABSORPTION OF
FUNDAMENTAL (4.6y) -

.06
.09

.06
.09

.06
.09

.06
.09

R7
. 2002

.2387

. 6620
. 8052
.0439
.0470

«2006
«2390

Pl
.0810
.0905

.2974
« 3555

.0119

.0121

.0807
.0898

P8
«1700

«2012

. 5695
. 6921

.0350
.0370

.1703
.2014

P26

.0010
.0010

0167

.0178

.0001
.0001

.0010
.0010

EFFECT OF LORENT Z HALF-WIDTH
ON ABSORPTION OVERTONE (2.3)

.06
.09

.06
.09

.06

.09

.06
.09

R7

00647
.00647

.1226
«1312

.000662
.000649

.00631
00631

Pl

.00144
.00142

.0299
.0303

.000146
.000140

.00140
.00139

P8
.00462
.00461

0953
. 1005

.000471
.000457

.00451
. 00450

P26
.0000098

.0000085

.000431
.000420

.0000011
.0000006

. 0000097
.0000083
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TABLE 7.1.12 EFFECT OF BANDPASS ON FRACTIONAL
- NET APPARENT ABSORPTION

FUNDAMENTAL (4.6 )

RT PlI.. PS8 P26
20 " .1613 . .0677 .,  .1328 . 00049
LOW. . 2 . .1593 _ .0670 . 1314 . 00047
TEMPERATURE : o 3
0.1 . 1086 .0142 . .0951 . .00042
20 - .2002 .0810 - .1700 .00104
NORMAL : T ha
2 . 197 . 0804 . 1682 .00102
TEMPERATURE . . 979 B
' - 0.1  .1286 - .0635 . 1155 .00093
20 .1942  .0772 .1662  .00134
HIGH -~ = e |
. . 0766 ) oo 3
TEMPERATURE 2 ©.1921 1646 00133
' 0.1  .1264 . 0610 . 1138 .00120
20 .1270  .0521 .1063  .00043
INVERSION |
2 .. 1260 .0518 . 105 .
LAYER | ] - o 6 00041
0.1 . 0977 . 0450 . 0852 . 00040
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TABLE 7.1./13 EFFECT OF BANDPASS ON FRACTIONAL .
"NET APPARENT ABSORPTION

'OVERTONE ‘(2.3 ) "

R7 Pl P8 P26
20 .00660 -.00152 © .00462  .0000062
LOW - '
TEMPERATURE 2 .00656  .00150 .00459 0000053
P 0.1°° .00544 * .00125-  .00383 .0000053
R 020 .. .00647 - .00144 - .00462  .0000098
NORMAL o064 .
TP RATURLE 2 c- 00643 .00143  .00459 . ooo.op§9
0.1: .. .00531 - .00118 .00381  .0000087
20 .00637  .00140 .00461  .000014
HIGH o
. ) . X 2
TEMPERATURE 2 . .00633  .00138 00457 | 09001
| 4 0.1 .00521  .00114  .00378  .000012
20 .00639  .00140 .00461  .000013
INVERSION o '
.00635  .0013 .00458  .000012
LAYER . 2 S ’ I
0.1 .00523  .00115 .00378  .000011
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propriate to the lower altitude limb measurements. . Under such conditions
the absorption is so strong that it is weil off the linear portion‘ of the éurve—
of-growth with ambient atmospheric (50 concentrations resulting in a loss of
sensitivity in the CO measurements.

"~ The data show that there is considerably more error in mea-
surement at 4. 6 |, of the CO column density in the important case of a low al-
titude sink than for the same measurement at 2.3 . Since a major objective
of the experiment is to search for aApotential low altitude sink, this indicates
a definite advantage for 2.3 . In the case of a temperature inversion drastic
errors are found in the ’ca‘se of a low altitude sink. Siﬁce'température in-
versions aré common the 2. 3 u has another distinct advantage. In gen'eral it‘
can be said that the 4. 6@ is greatly affected by the temperature ﬁroﬁle. |
This is as expected due to contribution of atmospheric emission. The 2.3
radiation is essentially unaffected, as is desired. Similarly the ground tem-
perature and the ground emissivity, have larger effects (not desired) on the
CO a.;bsorption.‘signal at 4, 6u but not at 2. 3y,

‘The calculations show that, 'assu;ming measurement of CO ab-
sorption can be made on the 2.3y band, that band is much to be preferred

over the 4.6y band for data interpretation. The advantages are:

1. Measurements of temperature of the atmos-
phere, ground temperature, and emissivity
are not needed for 2. 31 but accurate values

are required for 4, 6 u.

"2. The signal at 2.3y is affected significantly,
as desired by the CO concentration in the low-
est few kilometers in the atmosphere, but not

‘significantly at 4, 6 4 and in a manner very

difficult to interpret.
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3. The measurements at 2. 3, are readily in-
terpreted directly in terms of CO densities
whereas those at 4.6 L must be interpreted
by use of an atmospheric model’ calculation
at each point, assuming the required atmo-

spheric data are available for the latter.

7.3 Comparative Calculations

Calculations given above of predicted 4.6 CO band transmis-
sion showed large effeclzt.s caused by inversion layers, ground temperatures
and emissivities, and little effect’ of low-altitude sinks. It was suggested to
us that other calculationé (Ludwig, 1970) did ndt show effects of such magni-
tude. Further calculations were made to make a reasonably direct compar-
ison of the computational methods. Two specific comparisons were carried
out. One calculation was that of the transmission of a single line, the P19
line. The second was for several lines to be compared with the results of a
band rﬁodel calculation.

The single-line calculation was carried out for four tempera-
ture models, shown in Table 2.1.4 as models 5, 6, 7, and 8, and a 0.2 ppm
CO model. It is not known what exact temperature model was used in the
calculation to which the present ones are being compared, but it is believed
that it is in the range covered by these models; the authors reporting (Lud-
wig, 1970, p22) those calculations merely state that they used a '""represen-
tative temperature model'. The results of the calculations are shown in
Figure 7. 3.1, which élots the transmission over the line profile (The cir-
cles showing the results of Ludwig (1970), the remaining symbols being our
results for the four models.*. ). It can be seen that there is excellent agree-

ment between the two calculations. The only visible difference is at the line
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center where the present calculations yield a 19 to 20% transmission while
the calculations being compared show a 21% transmission. This small dif-
feren;ée"i'nay be due to differences in temperature models. From .002 cm’
from the center outward, the two calculations show no appreciable difference.
The i_ntfegrated absorption over the line would certainly show no meaningful
variaéién.

The other comparison which is informative is one svhowing the
effects,of a temperature inversion and of ground temperature variation.

<3Data (Ludw1g, 1970, p9) are given as models 9, 10, and 11 in Table 7. 3. 1

..;

Model 10 shows the effect of a ground temperature d1ffere“nt from the lowest
_'atmosphenc temperature, the results (Ludwig, 1970) showing a calculated
”.signalt change variation over the band of 50 and 68% for .25 and . 025 ppm CO
li-a.trr_lospher.es, respectively., These can be compared with previously pre-
"sented results, Table 7.1.7, of our calculations which show a 33% decrease
;ﬁ\in'ébeefption for a single line (R7) of the same band. ﬁodel 11 shows the
'."effect of a temperature inversion layer giving variations of signal change
over the band of 42 and 55% for the .25 and . 025 ppm CO atmospheres, re-
.spectively (Ludwig, 1970). These may be compared w1th our results, Table
7.1.5, showing changes of 37, 36, 37, and 76% for the R7, Pl, P8, and P26
lines of that band, respectively.

- For one case of interest, a low alt1tude sink model, Table
7.1.4., no data were given on the other calculations (Ludwig, 1970) to com-
pare w1th ours.

- It can also be noted that a graph1ca1 representation of the effect
of groxind temperature differences on CO calculations, Table 7.1.8., can be

roughly compared to those of Ludwig (1970, pl6) and seen to give reasonable

‘7.‘ = ce
agreement. o

It can be con_eludec_i that the two programs give the same results,

at least as nearly as we can determine with available information.
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TABLE 7.3.1 TEMPERATURE MODELS AND RESULTS
FOR COMPARISON BAND CALCULATIONS

Model

Signal Change

.. «25 ppm CO
- .025 ppm CO -

Relative Signal Change

~ +25 ppm CO
1l ppm CO |
.025 ppm CO |

a) Ludwig (1970)

b) This work (Tables 7,1.7 and 7, 1. 8)

7414

1.35

3.59

0.43

0.50

0,33

0.32

11

4,16
0,61

0.58
0.46

0,45

" ‘Reference
ererelice



‘7.4  Limb Inversion Analysis

The ll-ifnb eﬁcﬁe;iment has been éhalyzed for the effects of in-
stfumental error on the inversion of the instrument values of total CO in the
path to yield CO concentfation vs altitude. The calculations have been per-
formed for the three CO sink models to which the limb experiment is rele-
vant. These are the constant mixing ratio model with 0. 1 ppm at ground
level, th‘e upper Fa..tmo‘s.phere sink, and- the low-level sink with maximum con-
centration at 9 ksm. The error sources, which have been introduced, include
a random error with standard deviation of 2%, 5%, or 10% and systematic
errors of 2%, + 5%, or + 10%. ‘

" For these calcplatipns the atmO;phere below an ;ltitude, hl’
was divided into n spherical shells (j = 1,2, ---n), a distance, Ah, apart
(Figure 7:4.1). The atmospheric properties. within a shell are assumed to
be coﬁstant. The altitude of the first shell is given by"

h1 = n Ah,

and the altitude of the jth shell is
h, = - (j-1 |
; h, - (j-1) &h

The ith ray from the sun to the instrument passes horizontally

through the lower edge of the ith shell (j = i). The height of this ray is

h,, = h, - Ah
ii i

The rays passing through the shells can be divided into lengths,

aij’ over which the atmospheric properties are assumed to be constant. The

~ngths aij are given by:
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1/2
2 2 , .
{(r 00" - (x4 ) } | __1f i=j

a,, =
ij
L 1/2
: 2 23
2y = {(r.+ BT - (x4 b))
k=i , : -
D : a, . . Lif i 4]
k=5+1 K R ,

A square matrix (n x n) of the efei’nent_s 4ai'j can be formed.

In a shell j, the average ‘concentfafion of',_C~O. is giveh by:
.c. = c(h, - 1/2 Ah)
J J

" The integrated amount of gas in a horizontal pa‘f;h is given by:
{u,} = Z{C,} [a,,:]
. 1 J 1)

where

¢

column matrix of int'egratged amount of CO

= column matrix of the’ average concentration
of CO ‘

a, :l = square matrix of path length ‘e‘le'meht's
1 within the shelld: ° '

The calculations were cartied out with a 40 shell atmospheric
model with a 2 km distance betvsv/.ee“n 4she11‘s'. The matrix elements u, were
calculated for the three CO models in Figure 7.4.2 (Models 1, 4, and 5 of
Figure -2.1.1 and Table 2.1.1): The cotrelation intérferometer gives an in-
strument output which is propor’tiona} to the total CO in the path, or u In

this case the known parameters will bé u as a fuhction of altitude, and the
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a.. elements will be known. A set of equations can then be set up to solve
1)

for the concentrations ci.

3 -1
{c,} o= l/Z{u.} [a..]
1 ) 1)
where [a,j] is the inverted matrix [aij] .
ij.

To test for the effects of random ofr systematic instrument
errors, the values of u were computed for each of the three concentration
‘models from the relation {ui} = Z{Cj} [ai.j]‘ These values are shown in

Figure 7.4.3. The computed values were then changed by fixed amounts

a) random error with 2%, 5%, or 10% standard
deviation.
b) systematic error of + 2%, 5%, or = 10%.

For each of these types of errors, the concentration pfoﬁle was calculated
..and compared with the exact profile used as the original input. The results
of the calculations are shown in Figures 7.4.4 and 7.4.5 and in Tables
7.4.1, 7.4.2, and 7.4. 3.

Figure 7.4.4 shows the i'esult of imposing random errors with
standard deviations of 5% and 10% on the measurements of u. With measure-
rnentverroxt's of this magnitude the computations show that it is possible to
distinguish the carbon monoxide constant mixing ratio concentration profile
from the coﬁcentration profile which assumes a high altitude sink. The com-
putations with a 2% random error show the same result with a much smaller
error. These data were not plotted to avoid cluttering the graph with too
many points, The data are tabulated in Tables 7.4.1, 7.4.2, and 7.4.3 for
the 2% randorp error calculations.

Figure 7.4.5 shows the result of performing the data inve.rsion

to obtain the concentration profile, when the instrument measurement of the
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Altitude
(lam)

78.'\’)
763
740
723
7¢ 9

6B
669

64.3

629
639

5832
569
S4eD
520
S0
‘Agl(’.’
467
Q44

42.9.

A4« 0
38.2
367
340
32.9
309

289

263 -

24.3
229
23.9
182
16.9
14.9
12.9
199

8.3

[T VI NG )

«?
-
-9

TABLE 7.4.1

- Shell
No.

439
393
38.0
378
3647
35.7
C 3449
33.9
32.7
319

393
290
28.9
279
2649

25.9
249
23+
223

21.0

2.0
199
18.3
173
1692
153
14.3
13.0
12.%
119

1

- VWH P O8O
e &

..

LIMB TRANSMISSION ANALYSIS FOR-
STANDARD CO CONCENTRATION MODEL

No Error

Mean CO Conc.
(Part. /cm3)

4.8355+0 7
6. 6T3E+A7T
9.014E+D7
1.203E+28
[+ 593 E+9K
2.379E+25
2.695E+38
3.465E+38%
4. 420 E+28
Se 620 E+38

7.195E+33
9.1 T72E+98
11646E+09
147T7TF+H9

1+88TE+39

2«41 7E+029
3.111E+39
4.089E+39

- Se 432E+D9

T« 189E+29

9. 629 E+D9
1.296E+10
1« 767E+19
2+ 49 5E+12

. 3.283E+19

44 466E+19

6:094F+19 .

8« 335F+12
1«1 44E+11
1ST4E+11

2.1 63E+11
2958F+11
4e 3 SAE+T]
Se 542E+11
Te S86E+11

9.711E+11
1.227E+12
1«531E+12
1.E91E+]12
2.312E+12

2% Random

Mean CO Conc,

(Part. /cm3)

4 BEHE+DT
64 6ACE+DT
9 KTEE+DT
1.135E+38
1.626E+08

2.0317E+38
2+ 655E+23
3¢ 423E+98
4,25IE+5E
6+342F+A8

T« 138E+D8&
9.382E+3%
1« 146E+79
1+536FE+99
1.796E+09

2.383E+0Y
3.3 S1E+N9
4831 E+39
S«176E+M9
7. 765E+39

1.312E+12
1.294E+11
1.839FE+10
2.266E+10
331 7E+15

4.292E+1D
6+3EDE+1D
Be2K2E+1D
1.142E+11
1+ S79E+11

2.334FE+11
2.874E+11
A« |92E+1 )
5.726F+11
7+ 637E+1]

9+.867E+11
1.285E+172
1522E+172
1.732E+12
2.4147E+12

+ 5% Constant
Mean CO Conc,

(Part. /cm3)

5:129E+07
TeAATE+DAT
9« 465E+D7
1.263E+383
1e67TIE+IH

2+.133E+398
2.8375+435
3+ 63BE+HS
4e CA41 E+D
S« 921 E+38

7+ 5545408
9« 631 F+38
1 «224E+09
1+ 551 E+09
1« 982E+09
2.538E+3Y
3.266E+35
A+293E+D9
Se 673E+09
7o SABE+39

1e¢J18E+1D
1«361E+19
1« 84EE+19
2¢525E+19
3¢447E+10

4 6939 E+1 D)
6+399E+12
8. 752E+17
1.221E+11
1. 653E+11

2.271FE+11
3. 146E+11
4e 252E+11
S«819E+11
T-385E+11

1.925E+12
1.268E+12
e 6OEE+12
1.986E+12
2.423E+12
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TABLE 7 4 2 LIMB TRANSMISSION ANALYSIS
S FORJUPPEE{ATTAOSPHEREJSHWK
CO CONCENTRATION MODEL

‘142

T ‘No Error . ° 2% Random = +5% Constant.
" Altitude* - Shell ~ - Mean CO Conc, © Mean CO Conc. Mean CO Co;xc.
(km) = No. (Part. /cm3) . (Part, /cm3)v (Part. [em?)
1848, A2.9. . 4 gESEFG6 . 4e9S1E+@6 ..  Se1R9E+D6
16D 39.9 6. 6713E+D6  6.449E+B6 19N TE+D6
R 38ed - .. 9eDVAE+N&L&. . | 9.D2SE+DE6 . 9. 465496
729, 379 . 1.283E+B7 . . 1.254F+87,. . 1.263E+07
"70.@ 3643  1.S90E+37 . 1.591E+37 1.670E+97
. 68.d. . 35.8  2.079E+@7  2.125E+07. . . 2<183E*37.
66.0°  34.0 . . 2.695E+07.. . 2.833E+87 2.839E+37
640 330 - . 3.46SE+BT . - .3.254E+37 3+ 63BE+07 -
6249 32.0 4.420EFDT . 4 623E+BT 4641 E+07 -
630 1.9 S¢629L+87 S SeS591E+27° 0 .. 5901 E+D7
580 30.3 . . 7.19SE+3 7 . 6.8STE+27 | - T4554E+37
56s0. -  ©£9¢3.. - 94172E+B7...  B.IS51E¥27 9+ 631E+3T
T S4.0 2.8, .. 1e166E+35 .  ~1.225E+38 = 1.224E+58
5240 - 27.8. | 1.4TTE*A8 . 1.4965*28. . 1+551E+23
53 .3 268  1.887E+38  1.965E+38  1.982E+98
48.0 25.9 2.417E+38 2.3875+08 . - - 2+538E403
46.9 24.9 . . 3.111E+238  3.298E+28. = 3.266E+28
44.9 23.0 4.089E+DE . 34993E+G8. . 4.293E+98
. 42.0 . 22.0.... .5.799E+H8 5.7S51E+08.° 6+38IEXDE - .
43.0 21.0  B.4B1E+08 ~  8.016E+p8  ° = 8-821E+68
©3853° 7 20.8° 0  T1.2a9E+9 . T 10298E+89  1.332E+39
Y 3649 193 T 1.831E+99  1.878E+99 1.9 7f7+29;
Y3449 18.9 . 2.932E+89 . 2.931E+39 3 276E+09
323 - 173 4.651F+09 4. 734E+29 4 ZBAE+DY
399 16.2 7. 598E+Q9 7. T15E+39 7.97sE+m9
28.0 15.9 1.298E+18°  1.283E+13 . 1.354E+19
2643 140 2.319E+13 . = 2.2638+19 2.435E+10
24.3 138 " 4.162E+10 . 7 4.227E+10 . 4437AE+1D
2243 - 12.8  ° " 7.459E+19 . T 7.220E+10 7.322E+192
. 2%.4 . - 118 7 ° 12320E+11 T1e39BE+11 1.386E+11
T80 7 1843 - - 2.163E+11 . ' 2.163E+11 . 2.271E¥11
1648 9«3 - . " 2.958E+11 - 2.871E+11 " " 34126E+11
- 14.0 - Be® ' 4SDA9E+11 T 4e173E+11 4.252E+11
1260 T SV543E+11 TSe271E+11 S.523E+11
' 179 T TVSBAE+TY S 7.982E+11 T+965E+11
83", | "9 TIDE+LY 9.347E+11 1223 FE+12
o 6e9 - 1.227E+12 1.1 72E+12 "1.288E+12
Ao - 14531E+12 . il.5218+12 1.638E+12
2.9 P 1eBB9E+12 11.891F+19'~, 1.934E+12
0. - "2¢313E+2 2.212E+12 2. 426EF+12



TABLE 7.4, 3 LIMB TRANSMISSION ANALYSIS FOR LOW
LEVEL SINK CO CONCENTRATION MODEL

‘No Error + 5% Constant

5«51 E+11

2% Random -

- Altitude Shell Mean cO Conc. . Mean CO Conc, Mean CO Conc.
(km) No. - (Part. /em3). (Part. /cm3). (Part. /em3)
78+ 3 4340  4.885E+07 4.BE6E+ST Se129E+3T
76.2 39.0° - 6+ 6713E+07 L 6e 6DBE+DT TeADTE+DT

' 74.0 38.9 9.B14E+37 9 BIBE+DT 9+ A6SE+DT
720 370 1.293E+98 1.105E+08 1. 263E+9
199 3640 1+ 592 E+08 1. 626E+38 1. 6795+08

689 35.9 2.579E+08 201 7E+38 2.183E+38

660D 34.9 2. 69SE+08 ©'2+655E+28 2.833F+28
649 33.9 3+ 465E+28 3. A23E+05% 3. 633F+08
6240 3249 4 420E+08 A2 E+AR hebo] F+0OS

603 31.0 Se 620 E+08 C 6 AT ELDN S. 901 E+45%
580 30.9 7.195E+08 7. 108E+DE 7+55414+98
562 29.0 941 72E+08 9+ 382E+Y 9. 631 F+38
S4e2 289 1:166E+39 "7 Te146E+99 1.224E+29
5249 27.0 1+ 477E+QY © 1+536F+39 1+551E+39

53.0 260 . 1+887E+B9 . 1+796E+99 1.982E+29
48.9 25¢3 2.41TE+D9 2.383E+39 2. 53BE+29
4649 24.0 "3.111E+09 3D S1E+D9 3.2 66EF0D9
4440, 23.0  ADBYE+DY C 4-231E+09 42 JRE+D9
422 22.9 T SJ402E+29 541 76E+99 S. 6TAE+A9 .
4%.0 21.9 T TC189E+29 7.765E+89 7. S4EF+AY
380 20.0 9. 623E+09 14912E+10. 1+910E+10
36.9 19.9 1.296E+10 10294E+19 1.361E+19
34+3 1.9 1+760E+10 L BAYE+1D 1.8A8E+10
32.9 170 2. 405E+10 2.266E+10 2.525E+19
1 30.0 16.0° 3.283E+10 T .3«317E+18 . 3 44TE+1D
28.9 159 4e 466E+1D 4.292E8+19 Ze EROEF TG
26+9 " 14.2 6:094E+1D 6eBBAEF1D - 6.399E+10
24.9" 139 . Be335E+192 Be282E+17 Ee« TS2E+19
22.9 12.9 1ela4E+11 1e142E+11 1.231E+11
233 11.9 1o ST4E+1Y 1 579E+11 1+ 653FE+11
18.2 12.9 2.163E+11 24334E+11 D2TIEF ]
169 9.2 2.9S8E+11 2.874E+11 3.106E+11
14.9 8.2 4+050E+11 4¢192E+11 4.252F+11

12.92 7.0 Se S42E+ 11 5.706E+11 5.819F+1 |
13.9 6+ 7. SB6E+]1 Te68TE+11 7e965E+11
8.9 Sl JeT11E+L] FeBLTE+T] 1.320E+12

6.3 449 9+839E+11 9. 623E+11 1.333E+12
A9 3.0 9. 183E+1 1 9.394F+11 9.639E+11

- 249 2.0 T« 559F+11 Te611E+T T 793376+
CEE 1.0 4. 621E+11

. 44852E+ 11
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total CO in the path is high or low by a fixed percentage. The effects of a
systematic error of £ 10% are shown in Figure 7.4.5; The computed concen-
tration profile deviates from that computed with no systematic error by the
same = 10% as is present in the instrument measurement of the total CO.
Similarly, the computations with systematic errors of + 2% and * 5% yield
calculated concentration profiles which are in error by +2% and £ 5%, re-
spectively.

' The computations indicate that instll"umental errors of the order
of 10% in the measurement of the total CO in the horizontal sight path through
.the atmosphere do not result in signif‘ica’ntly larger errors in the computed
CO concentration profile at high-' altitudes'. While the measurement errors
are more significant in the case where an inversion in the CO concentration
profile occurs (i.e. the low-level sink), they do not invalidate the limb trans-
mission experiment a't‘the hi.ghe.r altitudes. The limb experiment was pri-
marily intended for searching for an upper atmosphere s.ink, and in this case
the effects of reasonable measurement errors are not of sufficient magnitude
to permit the upper at'm'osph-ere.s'ihk proﬁlé to be mistaken for the standard

constant mixing ratio CO profile. . ,

7.5 Multi-line Model Calculations

‘

7.5.1 The Program: - The first step in the theoretical determination

of the feasability of using the correlation interferometric technique for the
measurement of CO levels in the atmosphere is the computation of theoretical
transmission spectra of the atmosphere in the wavelength regions of interest.
Theoretical spectra were calculgted by a fairly elaborate computer program,
developed by GE. This program has been described in greater detail by Alyea
and Liebling else\';vher'e (Bortner, Grenda, et al, 1971) and will be‘ described
only very briefly here. The computer program has the capability of calcula-

ting atmospheric transmission spectra for up to three atmospheric constitu-
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ents, with a total of up to 150 absorption lines, for three different viewing

geometries:

1. Ground black-body radiation including atmospheric

absorption and emission.

2, Solar rédiation reflected from the ground includir;g

. atmospheric absorption only.

3. Limb transmission of solar radiation including

absorption and emission.

Based on input molecular and atmospheric properties, the Voight
profile function, absorption and emission coefficients are computed as a
function of altitude for all lines which contribute at a given frequency value.
Effects of overlapping liries are considered up to £ 5 cm_l. These coeffi-
cients are then integrated in accordance with the basic radiative transfer
equation described in Section 4 to produce observed spectra.

Additional subroutines, patterned after Cooley (1965) and
Gentleman (1966) then computes the Fourier transforms of the resultant
spectra. These Fourier transfon;ns which are closely related to interfero-
grams form the data base for the theoretical feasibility study.

This computer program was used to generate a large number

of theoretical spectra and transforms of CO in the presence of H,O. Spectra

were generated in the 2.3 spectral region (using geometry caseZZ) and in
the 4. 6 |, region (using geometry case 1). The regiotns covered were 4230 -
4330 cm-l and 2100 - 2200 cm-l, respectively. Spectra included combina-
tions of CO models 1, 2; 3, and 6; HZO models I1, 2, and 3; temperature
models 1, 2, 3, and 4, as described in Section 2. Ground emissivity was
varied in t’he 4.6 spectra, an& albedo was varied in the 2.3 L spectra. fn
all, 53 theoretical spectra and transforrﬁs were computed at 2.3 u, and 19

at 4.6 4. Although there are many additional combinations which would have
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been desirable, extr.e'melyvlong» running time of the program (about 10 --15
minutes on a GE 635 or IBM 360) makes a. full gér'nut of combinations prohib-..
itively coétly. o

Following generation of these theoretical Fourier transforms,
analyses were performed by use of a weighting function computer program.
This program, patterned after a program furnished by Barringer R_es,earch-*
is .an implementation of the weighting function concepAt described in detail in
Section 6. -

The weighting function can be considered a correlation function, .
.which_, when multiplied by the Fourier transform of a spectrum.gives a mea-
surement of-the CO level. Iﬁputs to the weighting functjon program consist
of a basic set of several Fourier transforms of spectra generated from a con-.
stant amount of CO and vérious combinations of other variables, e.g. tem-
perature profile, HZ'O level, etc. .One of these transforms is designéted as
the nominal case. One additional transform is input,. deéignated the target
case, which is identical to the nominal case with the exception of a variation
in the CO level. The weighting function generatéd from these cases: is then
applied to other transforms which were not included in the basic set. Itis
this operation of generating weighting functions from one set of data and ap-
plying them to another set which determines the feasibility of the correlation
operation. v o

" The theoretical,spectra Fourier transforms deséribed above
were used in various combinations as basic sets for the weighting function
program. Two groups of studies were made, at 2.3 p and 4.6 .. The results
of these studies are described below. :

Calculations were made using the principles outlined in Sections
5 and 6. _The intent of these calculations is to determine the sénsitivity of the

method in the determination of CQO densities, the accuré'cy.to be expected in

* The prografn was written 'b_y G. Levy of BRL.
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the meéasurements, ‘the- effects of various atmospheric parameters, the opti-
mum‘wavelength region to be used,  and'in ge'nera‘l_, :to- establish the feasibil-.
ity of the technique in obtaining the data needed to determine the CO sink, -
While the' theoretical feasibility studies will be necessary,l the
establishment of the feasibility will only be accomplished after-the instru-
ment -is-shown-to be cdpablé: of medsuring CO in the atmosphere. Thus, tests
of the breadboard will be made on CO and atmospheric gases to.see if 'CO can
be measured in amounts similar to those in the atmosphere together with
amiounts‘of some interferents-which, where possible; are similar to those of
the atrhosphe¥e!* This is not an attempt dt simulation but‘an attermnpt to seé if
CO can be measured with'the:breadboard and to investigate the signal-to-noise
ratio, under these conditions. Tests in urban polluted atmospheére will also
be used to compare breadboard measurements with those of other methods.

e

- 7.5.2 Calculations: -

©'7:5,2.1 ~ Explanation of Calculations: - :The results are presented in

tables later. It must be remembered in examining'the’ results that the object
of this work is to find the- CO'sink. Thus, it is important to be able t6 see an
effect produced by a rather small variation from normal CO column density, -
since, although at ground level the concentration may drop off by a large fac-
tor, the total column density may only have small drops, as little as about
10%. Further non-sink'areas should not appear as sinks and the accuracy
for very low CO’'column’density may be poor, -as long as it.is good enough to
show it to be less than the norrhal atmospheric amount. It must bé empha-
sized t’hat the most accurate measurements are rieeded at densities ‘near those
of a normal CO profile. ‘ s ' R

Further the results should not be affected significantly by
variations in atmospheric or’ground properties, e.g. atmospheric tempera-
ture proﬁle temperature inversion layer, ground temperature ground

emissivity, reflectivity, and the shape of the co proflle.
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One of the objectives of this work is to establish the types of
-CéhditiOnS\ofﬁthe runs to be used in determining the weighting functions.
Thus we ax"‘e looking for the case giving the best results in terms of the con-
siderations noted above. |

The calculated accuracy of the caléﬁlations are dependent on
theUCOnd:itions which were used for determining the weighting functions. The
results which are presented in thé following tables will show this. Each ta-
ble, noted by a letter designating the case, gives the results for all intérfer-
ograms, using a specified set of interferograms to determine the weighting
function:s ‘and then using these weighting functions to determine the CO den-
sity in all the interferograms. The band (waveieﬁgth) is giyén together with
the conditions for each run.

Tables 7.5.1 through 7.5.21 give the results, Each table
gives the percentage difference of the calculated value from the actual amount
of CO in the model. The thrée-right hand columns give data on this model,
and are for all cases between the heavy lines, The eight CO model numbers
are those of Tables 2.1.1 and Figure 2.1.1. The number in the far r‘ight
column is the number by which the concentrations of the models (over the
entire altitude range) are multiplied. The resulting total optical thickness
in atmosphere-centimeters is noted. Fi\./e water models we;'e used. Models
‘W1, W2, and W3 correspond to water models 1, 2, and 3 of Table 2.1.2 and
IFig’ure 2.1.5; that noted as 4W1 is that where water concentrations are four '
times those of water model 1 at all altitudes; that noted as 1.5W2 is that
where water ?:oncentrations are 1.5 times those of water model 2. The col-
.umn headings noté the four corresponding temperature models of Table 2.1.3
and Figure 2.1.6. | | ' -

- Each sheet presents the results using a specific set of runs
to obtain the weighting functions and gives the accuracy of the calculated CO

for each interferogram of either the 2.3 or 4.6 1 band as noted. The sets
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TABLE 7,.5.1

CASE A

RELA--
T T T I Cco co MULT'*‘*”VE
x=23u 1 2 3 4 ATM - CM  [MODEL{PLIER | co
w3[164.3 295.1 '
.5 W2 205.3 0.0162 3 0.1
w2| 69.8 17,6
4 W1H57.8 | 83.8 |170.2
Wi 69. 1
« W3 132.9
L5 w2 0.0324 3 2 0.2
w2l 3.5 .80.7
4 "Wl
wil L9 32.1
w3l 4.7
L5 W2 0. 0486 3 3 0.3
w2
4 W1{-53.6 | 22.8 | 48.8
. wl 52,4
w3 4.2
L5 w2 ‘ 0. 1468 6 0.9
w2 L5 3.3
4 wl
wil 0.9 | L9
w3
1.5 w2 -3, 6 0. 1618 1 1
W2 5.1 0.3
4 Wwil)-18 0.5 4
w1|l 0.0
W3 -11. 8 . :
L5 W2 0. 2426 1 L5 15
. w2 -4.0 -1.1
4 Wl
Wl{ -L5 -3, 8
w3 -55.1
L5 W2 4,3376 2 27
W21 -39.6 -48.0
4 Wl
W1([-34,4 | -40.6
w3 -56, 2
L5 w2 4,7696 2 L1130
W21-41.6 -49,3
4 wl
W1j-36.0 -42,1
*1.5W1
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TABLE 7.5.2° CASE B~

RS PR o 4. | fco. | co. muLTi-
A=23p | 1| -2 -3 |4 - ~] ATM-CM -|MODEL|PLIER | .
T wsfwo9f |27 o 1
L5 W2 ’ -100.4| v 0.062 (| 3.
. wel178.8 -93.4] B
4 W1[453.61142.6 [ -36.0
R | IS 3.6 ‘ ) ' .
L5 we| | 00324 | 3 7|2
Cooow2lrs 7| | 3900
w976 - -|-e43) Ao
w256 | | B N
L5 W2 ' 0.0486 | 3 ;|3
oowe] Sl o I |
4 wil-134.31-34.3{ -1.4 .
e Wl S "f N b _27'.74 DT .-<.A'--..-. ‘.,-, SRS R I N
w3l .| o~ | L3 IR R
LS W2 e . 0.1488 | . 6
w2 0.7

T Wi

w3
L5 w2
W2

o N P I
0.8 AR

1 ]
; = =
B ©

oo

) 1 I.
= [Bdg#E)¢
w O oo w

W1 {20.0j
15 W2 ' : 4 -], 02426 | 1 LS
w2| 4.8 L8 ' .

WL 64 |39
wi| . | ] -3l . |
15 we| | | ade |2 [
S owe| 233 -31,.2 S

wi|-193| - | -26.6] - -] -]
W3 ]38 o L
L5 W2 ‘ 4. 7696 2 |1
w2 -25.2 -32.9

W -2L2 -28.3
“LSW 1
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TABLE 7.5.3 CASE C.

| : 1T 1. CO | cO MuLTI-
A=23u |1 |27 3 4 ATM - CM  |MODEL|PLIER
- w3l 1512 263.5 11 . S
15 wel . | [229.9 0.0162 3
wel 64.2 151, 2 :
4 wil149.8| 0.4] 5.9
Wl 64.1
w3l - I~ a3t - - . . . _
L5 w2| . - | 0.0324 3|2
w2l '29.1] - |'69.7 S '
4 Wl
wi| L9 29.9
w3l 39.4 BT R R S
15 w2| , - -0.0486 3 |3
w2
4  Wwi|-50.8| -4.4|10.2
wl 62. 8
w3 40 |
1.5 W2 0.1488 - | 6
w2| L4 3.1 o -
4 Wl
wil 0.9 1.8
L5 W2 L8 » 0.1618 -~ | 1
w2| (0.0 (0.0) '
4 Wwl|-17.6| -69' -50
wi| (0.0 [0.0)
_ w3 e | 1 , 1t
15 W2 ' | 0.2426 1 | LS
w2l -3.9 | -6.8 ’
4wl
Wl -L5 -3,7
w3 1553 | N
L5 W2 | 4,3376 3
» w2|-40.5]| -49.2 o
4wl
W1| -35.0 -41.1
W3 ' 56,6 | ‘
L5 W2 H _ 4,7696 2 L1
w2|-a2.2| . |-49.6 .
4 Wl
 Wi|-36.6 -82.6
*L,5W1
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TABLE 7.5.4 CASED

SRR . I I co CO MuLTI-
A=23u | 1 |["2 3 4 ATM - CM  |MODEL|PLIER
- w3|-207.1 -1 4 .
L5 w2 -24.4 0.0162 3
' w2| -40.0
4 wi| 109.2] -45.3| 260
wi| 5811 292.9
w3 -3.3
L5 w2l 0.0324 3.0 2
wz| -16.1 2.9
4wl
wi1| 292.8 146, 2
W3| -63.2
L5 w2 0.0486 3 3
W2 - '
4wl 40.3] 17.0| 159
W1l -5, 7°
w3 L1
L5 W2 0. 1488 6
w2| 0.5 1.2
4 Wl -
1| 66.0 30.0
w3| -15.4
L5 W2 | -L9 0.1618 - | 1
w2| (0.0) [19_%] (0.0)| 0.5
4 wi| I3 8| 3.0
Wi 59.2 25,8
W3 -1.5
L5 W2 0. 2426 1 L5
w2| -0.5 -2.0
4wl
wl| 38.0 14.2
w3 -40.0
L5 w2 4,3376 2
w2| -36.6 -40.7
4 Wl
W1} -35.9 -41,3
w3 -41,.8
L5 W2 4.7696 2 11
w2| -38.5 -42.4
4 wl
W1| -38.0 -43,1
*L5W 1




TABLE 7.5.5 CASE E

. . I . co CO MULTI-
A=23u |1 |2 3 4 ATM - CM | MODEL|PLIER
w3| (0.0) (0.0)
L5 W2 ‘ -22.5 - 0.0162 3
w2
4 wil-2.5 311 | 71
wl (0.0
w3 2.1
L5 w2 0.0324 3 |2
w2| 3.8 1.0
4 Wl
wil L9 0.6
W3| 5.6
L5 W2 0.0486 3 |3
w2
4 wil-40 | 1L9 | 1L5
w1l | -5,5%
w3 1.8
15 W2 0.1488 6
w2| 4.3 0.2
4 Wl
wil L1 -3.0
w3' 4.8 0.6
L5 w2 -2.4 0.1618 | 1
w2| 3.4 47 |-L0| L3
4 wil-011l 27| L1
wi|[0.3) -4,2
w3 -1.4
L5 W2 0. 2426 1 1.5
w2| L5 3.0
4 Wl
wi| -L7 -6.3
W3 -40.7
L5 W2 4, 3376 2
w21{-37.5 -41.6
4wl
wl1{-39.4 -83.5
w3 -82.5 -
L5 W2 47696 | 2 11
w2|-39.4 -43.4
4wl
Wi1}-a1.3 -45.2
“1.5W 1 '
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As23u |

 TABLE 7.5.6 CASEF

o

C[AaTM-cm

co
MODEL

MULTI-

PLIER |

15

W3

W2

w2
W1

il

762, 1

r356,6
+143.3
11

-48.0-

| o2

1.5

W3
W2
w2t

Wl

wil|

| 0.034

W3r
W2
wl

Wl

.81-10.8

0.0486 |

W3

w2

w2

Wi

Wi

| 0.1488

wal
w2
w2 |

Wl
Wl

| o8

o wi|

w2
w2
wl

| o.owe

s

W3

1.5

w2

W2

wil
Wl

-35,3

-36,4 |- .-

43376

L5

W3

w2
w2
wl

-31.2-

14,7696

11

“L,5W1

2383 |




TABLE 7.5.7 CASEG

SR R I I o .| CO. MuLTI-
ae23u il 2 | e ATM - CM | MODEL |PLIER
. W3 , . _152‘1 Lo i a DN Rt IR B
L5 w2 - - |e2sn | o.0162 3
w2 1-285.8
4 Wil -46.4(-245,2[-350.8
wl -322.0
w3l 1153 o SR
L5 w2 o ©0.0324 3 |2
w2l 3.1 -142.4 A -
4wl - _
wil L8 -161. 7 R
L5 W2 ' 0.0486 3013
7w .
4 wl|-12.3| -80.7]-117.4
Wl -5, 4
w3 -17.3 . '
L5 w2 0. 1488 6
w2| 3.5 -32.5
4 Wi
wi| L1 -38,6
w3| 33 1169 | S
Ls ow2| | |- 0.1618 1
w2| 2.6|-18:4]-30.8| -25.3 | -
4 Wi| -2.9]-25.5|-38.0
wi| (0.3 -36,4
I ey B . S
L5 W2 0. 2426 1 |15
w2l 0.8 23,3 o
4 Wl
wl| -L6 -21.7
wi| | -82.4 k
Ls w2| . . 1. 74,3376 2
w2 | -37.4 3.1
4 Wl
W[ -38.6 -44,1
wil -4, S 1
L5 Wwe| . 4,769 2 |11
w2| -39.3 -44.7 ‘
4 Wl
Wl|-40.4 -45.1
TIE - —

155



156

TABLE 5.7.8 CASEH

MULT-|

ol | T co ¢0
A=23p | 1 2 | 3 4 ATM - CM  |MODEL [PLIER
w3 H075.0[ 46,6
L5 W2 e 223.4 0.0162 3
w2|-815.4 393, 8
4 w1l-696.6{ -3,4 | 422.8
w1l -29.8 314.6
W3 22.1
L5 W2 . 0.0324 3 | 2
Ww2|-404.5 197.5
4 Wl .
wi| -1.9 157.6
W3-355.8
L5 W2 0.0486 3 |3
w2 .
4 wi|-221.8 140.9
wl 14,0*
W3 1.8
Le ow2| - 0. 1488 6
we| -85.8 42.6
4 Wl
wi| 0.6 33.4
w31-106,2
L5 w2 18.9 0.1618 | 1
w2| -78.3 3.1/ 2.9
4 W1| -66.2 4.4
Wl [_o.ﬂ@ 28.9
W3 -3.4
L5 w2| - \ 0. 2426 1 L5
w2| 52.9 22.2
4 Wl
wi| -0.7 16.7
w3 -42,5
L5 W2 4,3376 2
w2| -38.7 -39,5
4 Wl
W1| -35.4 -39,4
w3 -44.2 :
L5 W2 4.7696 2 | L1
w2| -40.3 -41.3
4 Wl
wl| -37.2 -41.1
"L5W1




TABLE 7.5.9 CASE1I

T co CO  MuLTI-
=231 |2 '3 | s ATM - CM  |MODEL |PLIER
w3| (0.0]]. (0.0] |
L5 W2 21T 0.0162 3
W2
4  WIF2LT (300 | 329 |
wij [0.0) [0.0)}
w3 0.3
L5 W2 , 0.0324 3 |2
w2| 1.8 -0.8
4w
w1 (0.0) -2.4
W3| 3.0
L5 W2 0. 0486 3 |3
w2
4 wil-62 |91 | 87
wi 1.7
w3 -1.4
L5 W2 0. 1488 6
w2| 1.0 -3.0
4w
Wi -2.1 -6.1
w3l 1.4 -2.6
L5 W2 -5.5 | 0.1618 1
w2l 0.1 | L3 |-42 | -L9
4 W1[-3.3 |-0.6 | -2.2
Wi -2.9 -1.3
w3 -4.7
L5 W2|. 0. 2426 1 | LS
w|-1.8 -6.3
a4 wif -
Wl -5.0 -9.4
w3 -42.8
L5 W2 4.3376 2
W2 39,7 -13.1
4wl
Wikl 6 -45.5
w3 -44.6
15 w2 4.7696 2 | L1
w2 |41, 6 -85.4 :
4 W
Wilg3 4 -41.2
*L5W1
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A; 2.3“1

TABLE 7.5.10 CASEJ '

ey

T

2

BT I

T

0 .
ATM.- CM

0"

MODEL

MULT -
PLIER|

L5

W3
w2

- W2

wl
W1

81

0.0162

1.5

E

w2
w2

- Wl

Wl

| 0.0324

L5

w3
w2
w2
wl

- Wl

0.0486 -

L5

w3

w2
w2

‘W1

W1

0.1488

L5

w3

748

w2
w1
wi

o

_‘.4‘3. 8 '

- 0. 1618

1.5

w3
w2
w2
wl
wil

0.2026

15

L5

w3
W2
w2
wl
Wl

-32.4

3L

* stjjj

-31.9

.6 |

43376

L5

w3
w2
w2
wl
w1

-33.1

-34.5

35,6

38,6

£34,6 |

4:7696

L1

*L5W1



TABLE .7.5.11 CASE K -:

R A T | .-co . | o puTi|
A=23uf 1172073 | 4. | | ATM-CM |MODEL|PLIER| .

W3 i 0.0] R B3 3 U1 R : S

L5 W2 |-192:4 ' 0.0162 3

W2 -252.3 -

4 Wl -44.3 (-226.7(-322.0 o
Wl ) -0. Ol ‘ '3&;"6 S M s N .-; 1'.- ‘f:
W3 585 . ) L

L5 W2 . | ‘ _ 0.0324 3 2
w2 ' 127.6 oo ‘

13
wif (0.0) .- |153.7
wil Lo b ; |
Ls w2| I ] om8 | 3 3
w2 1 .
4 wi|-14.0| -76.8|-110.0 :
TS [ ERE R ~65.74 . -
w3 ST ¥ I ST
L5 W2 1 B 0.148 | 6
k w2| 0.4 -31.8 : SR
4 Wl T _ . ;_

wal 02  [-161] . !
L5 W2 I 2 N 0.1618° | 1
o we| -0.5.| -19.5| -30.4|-25.6 SR I
4 Wl| 5.8 -26.6 -38.1 . SR :
Wl "'2‘:8 DA '37.4 . R P Y EE TR I D A - ’ cee e
w3| . -14.3 | . , '
L5 w2l - B 0. 2426 1 | L5
w2| 2.4  |-2.0 5 o -

wilwanl. . . =203 .| .| .. .

w3 1. | -ea2
L5 W2 1 L ‘
w2|-39.5 -44. 9

43376 | 2

Wl. -40_,7.. P -46.0(- - ~. e . , i

w3 45.8]
L5 w2| '
we|-4L4 -46.5

a16% |2 | L1

WL{-42.5| . . |-41.5]. .. .
*L5W1

159 .



160

TABLE 7.5.12 CASE L

: S co CO MULTI-
A=23u | 1 |2 3 | 4 ATM - CM | MODEL|PLIER
| w3|-677.4 -456.5 |
L5 w2| -316.9 0.0062 | 3
w2 |-166.3 -117.9
4 w1 138.6]105.2] 144.2]
© w1 63.0{ 405.0
w3 -218.9
15 W2 . 0.0324 | 3 2
W2| -72.0 -56.4
4wl
wl| 320.8 209, 1
. wsl-210.4
L5 W2 0.0486 | 3 3
w2 ‘
4 Wil 59.7| 46.3| 41.8
Wl -93. 9f
w3 -35.9 _
L5 W2 0.1488 | 6
_ w2| -0.9
4 Wl
wll 8.9 54.2
Ww3| -29.9 -32.4 |
L5 W2 -19.1 0.1618 | 1
w2 -0.2
4 Wl 292| 23.0| 218
w1 75.7 48.9
w3 -19.0
LS W2 0.2426 | 1 1.5
w2| 3.9 2.2
4w
Wl 53.3 33.6| -
w3 -33.6
L5 W2 43316 | 2
W2/ -28.6 -33.2
4 Wl
Wi -27.5 -33,1
w3 -35.5
L5 W2 4.769% | 2 L1
w2| -30.7 -35.1
4wl
- W1{-29.8 -35,2
*1L5W 1



TABLE 7.5.13 CASE M

T . T I co CO MULTI-
A=23u] 1 2 3 4 ATM - CM | MODEL |PLIER
- ws3|-28L3 -72.5 .
1.5 W2 : -86.4 ©0.0162-| 3
W21-103.1| - -57.5 A
4 Wil 55.9(-12.2 | -1L.4
W1} 559.5 251.8
w3 -30.4
L5 w2 0. 0324 3 2
w2| -44.0 -23.7
4 Wi
. Wl 2885 129.0
T W3|-83.0 . S
L5 w2 0..0486 3 3
W2 -
4 Wl 21.3] 2.4 1.2
wl| - -21.7"
W3 0.5 .
L5 W2 0.1488 | 6
w2| -0.2 0.6
4 Wl
wl! 69.7 31.3
W3] -16.5 -
L5 w2 -2.0 0.1618 1
w2 0.5
4 Wl| 146| 5.1| 3.2
Wi 63.1 21.5
w3 0.6
15 W2 0.2426 1 1.5
w2l L7 .
4 Wl
Wl| 42.7 17.3
- W3 -36.2
L5 W2 4.3376 2
W2| -32.6 -37.0
4 Wl
W1lj-31.9 -37.6
w3 ‘ -38, 1
L5 W2 4.7696 2 11
W2|-34.6 -38, 8
4 Wl
W1|-34.0 -39,5
*1L5W1
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TABLE 7,5.14 CASE N

co

CO MULTI-

w23 T |2 T | Ts ATM - CM | MODEL |PLIER
W3-1131.‘1 _ -771.8 : :
L5 w2l -1%.9 0. 0162 3
w2|-825.0 -746. 3 '
4  W1{-552. 0{-668.9]-667.3 |
wi| 313.7 1-215.7
W3 - -339,8
L5 w2 0. 0324 3 2
W2|-363.5(" -328.5 o
4 wl
Wil 20.7| -66. 6
, W3|-310.8 _
L5 w2 - 0.0486 | 3 3
w2
4  W1|-121.0/-163.6)-165.7
wil -206. 0
w3 -6.5 :
L5 w2 0. 1488 6
w2 T -6.3
4 w
W1|-112.4} -46. 4
W3| -28.4
Ls w2l 0.1618 1
w2| (5 0.8
4 W1l 500 87| 5.5
W1l 108.5 41.2
w3 25.0
L5 w2 0. 2426 1 1.5
w2l 26.9 24.1
4 wl
Wil 9.4 53,7
w3 7.1
L5 w2 ‘ 4.3376 2
W2| 13.3
a wil -
Wil 14.6 4,6
W3 4.1
L5 w2 : 4.7696 2 1.1
W21 10,1 2.8
a4 wl
Wli 111 L6
*L5W1




TABLE 7.1.15 EFFECT OTF SURFACE REFLECTIVITY

S e
e

o
i

- 2.3p BAND

CASE

£

.- 18.

- Oo
4,

- 10.

.99
.03

02

68

03

44
L0z
.31
.38
.48
.00
.02

.04

10.

18,

.01
.00
.69

04 -

42

.00
.'3“1‘
39
- 46
.00
.00

.00
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‘A=4.6.u

TABLE 7.5.16 CASE P

T

4

€O
ATM - CM

- CO

MODEL

MULTI-
PLIER

L5

W2

‘W1

W3

w2

Wl

470.0

0.0162

L5

W3

we
w2
Wl
Wl

0. 0324

15

w3
w2
w2
Wl
W1

0. 0486

L5

w3
w2
w2
Wl
W1

3.7
3.8

.1

2.4

0.1488

1.5

W3
w2
w2
wl
Wl

ER3

22.3

0. 1618

1.5

w3
w2
w2
wl
wl

-14.1

0. 2426

L5

L5

w3
w2
w2
wl

Wil

.4

-110.7

4.3376

L5

w3
w2
w2
wl
wl

- 4,769

1.1




A=4.6u

TABLE 7.5.17

CASE Q

co
ATM - CM

co
MODEL

MULTI-
PLIER

i.‘S

w3
w2
w2
wl
Wi

-430.0

0. 0162

L5

w3

W2
we|
Wl

W1

0. (324

L5

w3|

w2

w2

wl
Wl

0. 0486

L5

w3
w2
we
Wl
Wl

6.7

-1.6

0.1488

‘L5

w3
w2
w2

‘Wl

W1

0.1618

L5

w3
W2
w2
w1
wl

0.2426

L5

- L5

w3
w2
w2
wl
Wl

-108.3

-125. 4

4,3376

L5

w3
w2
w2
Wl
wl

4:7696

1.1
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Asdby |

TABLE 7.5.18 CASE R

co

-1 ATM - CM

| MODEL | PLIER

CO MULTI-

W3

w2

{ W2
Wl
Wl

1729.3

-369.3

00162

L5

W3
w2
w2
Wl

wl|

- 0. 0324

L5

w3
‘W2

w2
wl

W1

0.0486

1.5

e
W2

w2
W1

‘Wl

-21.0

-9.2

02l

71.0

-0.1488

1.5

W3

w2

W2

wl
Wl

(ag

7.0

0. 1618

15

w3|

w2
w2
wl
Wl

2.8

0. 2426

L5

—
W2
w2

wl
Wl

-116.4

-139.7

4,3376

zvlf '.

1.5

W3

w2
w2

wl
wl

4.7696
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TABLE 7.5.19 CASE S

. Co' .
ATM - CM

CO MULTI-

MODEL

PLIER

L5

w3

w2
Wl

- W1

w2)

-619. 8

147.1

0.0162

1.5

W3
w2

w2

wl

LWL

0. 0324

L5

w3
w2
w2
Wl

Wi .

0. 0486

15

W3
w2
w2
Wi

Wl

-12.4

=Ll

-0.9

58

38.1

0,148 .

1.5

w3
- W2
W2
W1

Wi} .

38,6

0.1618 .

L5

w3

w2l

w2
wl

.. Wl

0. 2426

15

L5

W3
w2
w2
wl

Wil . .

I
-122.0|

4,3376

15

w3

w2
w2
wl

Wi

4.7696

1.1
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TABLE 7.5.20 CASE T

O
ATM - CM

co
MODEL

MULTI-
PLIER

1.5

W3
w2
w2
Wl
W1

33812

7103.4

0. 0162

W3

W2
W2
Wi
Wi

0. 0324

W3
w2
w2
W1
W1

0. 0486

L5

W3
w2
w2
w1l
W1

1%.4

103.2
102.0

48.2

-217.6

1.5

W3

W2

W2
Wl
Wl

-

o9

-315.3

0.1618

L5

W3 |-

w2
w2
W1

WIY -

-310.9

0. 2426

L5

L5

W3
W2
we
W1
W1

116.4

4.3376

L5

w3
w2
w2
wl
wl

4.7696

L1




TABLE 7.5 EFFEC S OSPHERIC D SURFACE
A E ARIATIONS - A.OW BAND

PARAMET ER CASE

Ground-Tempefature 285.2 288.2
P 1.9 0.0
Q -5.1 -5.1
R 5.2 0.0
S 3.2 0.0
T .25.2 0.0

Emiss'wity ‘ 0.7 1.0
P 6.9 0.0
Q -5.4 -5.1
R 19.6 0.0
S 11.7 0.0
T .93.8 0.0

T -

Gas emperature TZ 2 TZ
P 0.0 0.0
Q -4.1 -5.1
R 0.0 0.0
S 0.0 0.0
T -0.2 0.0

Relative Atmospheric » 0.95 1.0

pressure ’

P -1.4 0.0
Q .2.4 -5.1
R .5.2 0.0
S -2.3 0.0
T 18.3 0.0
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used, in.obtaining the weighting functions are indicated by the .rectangles
around the accuracy result.. It is not.to be expected that the results for:,
either band will ‘be good in all.cases and is-nota m‘a-tte,r for. _conce‘,r_n;that: i
they are not., It should be noted that the m?i°?g¢9“¢§}'“~ is to identify a sink, .
and to identify a source as a source. It is then possible to use-weighting .- -«
functi_gonvs;derivﬁ‘ed.,from- more appropriate conditions . to more accurately de-
termine the CQ.density. This is espegially,true.for.a source region where
the use of .a high CO condition.for the target condition in, establishing weight-..
1ng functions. gives.-the high CO concentrations: much more accurately. This -
can be seen in Case N . .« ., .~ " ii oot gl e

¢

'7.5.2.2 The Overtone Band: - The results for the analys1s are pre-'i

sented in Tables 7.5.1 through 7. 5 15 (cases A through N) for the’ overtone
(2. 3 I-L) band Some of the results show accuracy wh1ch w111 f1t the accuracy
requlrements deta1led above wh1le someTshow 1naccurac1es wh1ch are too
large to be acceptable Th1s is as expected e
o Cases A B C and D use the same CO models for the base
and target cases used for determmmg the we1ght1ng funct1ons “In cates A i
B, and C a11 runs g1ve accuracy suxtable for use w1th onepos‘.s1ble except1on
(watcr model 4W1 Tl) Except for th1s one set of cond1t1ons, the model l -
cases (standard CO prof11e) none of the runs show any s1gn1f1cant 1nd1cat1on

e

of a smk or source Note that the model w1th a temperature mvers‘mn is
qu1te accurate ‘ For the 1mportant s1tuat1on of the lovy alt1tude sink, all runs
show good accuracy, all suff1c1ent to show a lower total CO colurnn den51ty
than the standard model that 1s, a smk The models w1th low CO den51t1es
show large errors but not so large that smks are not shown. The model w1th
1.5 times the standard CO model g1ves accurac1es wh1ch all show s1gn1f1cant
1ncreases over the standard CO For the models w1th h1gh CO denS1t1es the

results are maccurate, up to about 50%, but such Stlll 1nd1cate h1gh CO den-

s1t1es and thus fulfrll the purpose For case D the results are “not nearly SO
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good. “The’ conditions used to determme we1ght1ng functlons do not include
any of the low water den81ty models.- One test .Tun ‘with such a model shows,
for the standard CO model, a doublmg of what it should be. This would indi-
cateé a source and so is unacceptable. ‘In general., the errors are too large
to be acceptable. | |

Case E shows the effect of usmg the very low CO dens1ty
cases as the base runs and one standard CoO model as the target run to obtain
the weighting funct1ons. "The results are much the same as cases A .and C.

In this case all results are su1tab1e. Cases F' and G show rejsults for similar
CO models being used in determlnihg .weighti_ng functions*but' with more re-
stricted_temperature _conditions.. The results are poor.. Sink's are indicated
where there are no smks. ‘ N : ) _ v_ |

Case H is ‘another case where the cond1t1ons of temperature |
and of water content did not cover a suff1c1ent range. Thus large sinks are
1nd1cated where there'is no smk . ! o |

Now cons1der cases I, 7, and K, [where all runs used in de-
termining we1ght1ng funct1ons were. w1th models havmg low CO densities ( 1,

.2, and .3 .of standard) For the case I, where the ranges of temperature
and water dens1ty employed were w1de, the results are good, showmg sinks
and sources where they occur W1th more restr1cted ranges: Cases J and K,
the results are not good, 1nd1cat1ng smks where they do not ex1st. ‘

For Case L the we1ght1ng functions were obtamed usmg the
standard and the low- alt1tude s1nk models, but only one water model, Re-
sults for other water models are not accurate enough to be used »

For case M, similar results are obtamed to case L. No runs
w1th low water dens1t1es were used for we1ght1ng function obtentlon and re-
sults for s“uz:h models were 1naccurate. -

For Case N, where a h1gh CO denS1ty model was used in the

set for obtammg we1ght1ng functmns, Just about all test runs were 1naccurate.
. Re ]
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Such results are to be 'expected since the CO absqrption curve is non-linear
in part of the region used to determine weighting functions.

In Table 7.5.15 it is seen that a change in the earth's reflec-
tivity has no significant effect on the calculated CO density. It would also be
small forl the 4.6 band. ’ K ‘

Some general conclus'ions.can be drawn from these results.
They mainly conéern the conditions used in obtaining weighting functio.ns. If
such, for CO are within the range of CO wh_ere absorption is about linear,
that is within the range from very low CO densities to slightly above our
standard model, the results will be géod within the range of water density
and temperature covered in the weighting function runs and probably. not
good outside such range. That is, if water density models 1 and 3 are used,
those for in-between water densities have the desirable accuracy, but if -
models 2 and 3 are used, the results for water model 1 are inaccurate. That
is, interpolation gives reasonable results but extrapolation does not..

It is important to note that the variation in total water co;;:tent
does not vary over one area by a factor of more than about four during the
year as seen in Figures 7.5.1 through 7.5.4. Thus the extremes used here
are wider than those for any one region. Hence, in treating the data for any -
one area, weighting functions based on the range of conditions for that area
can be used rather than those which bracket the range of conditions for all
areas. |

Conclusions about sinks and sources can also be made.
These results show that sinks (even those at low altitude having only a 9%
lower CO optical thickness than the standard model) are detected readily and
regions of high CO concentration are also readily seen. It is also to be noted
that the presence of a temperature inversion layef does not interfere with the

results for this (2. 3 ) band.
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7.5.2.3 ‘ The Fundamental Band: .- The results for the analysis for the

fundamental (4.6 p) band in Tables 7. 5. 16 through 7. 5.21 (Cases P through T).
The cases employ weighting functions obtained uaing CO model 1 as the base
runs with 1.5 x CO density of model 1 (Case S), urban CO density rn:odel
(Case T), very low.CO density model (Case P), and the low-altitude sink
model (Cése R) for the target runs. As woulq be expected the best results
are obtained for Cases P ax;d R. However, it is to be noted that in all cases
the temperature inversion model :gi‘,ves i:)oor results with sinks not detected.
This is an intollerable result. If CO'd-ensit'ies for such critical conditions are
.in error by 26% (Case P) or by 71% (Case R) existing sinks will not be found.
Cases P and R are thought to be as reasbpable as any tests thaf could be
made for this band and other tests woﬁld be expected to show similar results.

Case O uses the temperature inversion layer run as a part of
the base set in determining the weighting functions. This is not a very prac-
tical case but it does improve the results as a function 6f temperatdre.

There is, however, still an overlai: in the CO low altitude sink and the CO
standard model results which indicate that it could not be used to see a sink,

In all 4.6 cases, the,source runs show up with large nega-
tive errors. In most all urban model runs, negative CO densities are calcu-
lated, These are meaningless and undoubtedly smaller sourcés,would show
up as sinks; This'is an intolerable situation.

Certain other tests were made to help show the effect of at-
mospheric and earth-surface parameter variations. Results are shown in
Table 7.5.21.

Significant effects are found, even for the runs,. P and R,
which use better sets of runs for determining weighting functions. A few de-
grees difference in the ground and the 0 km atmosphere temperatures cause
a few percent difference in calculated CO. A reduction 6f §u1:face emissivity

to 0.7 causes drastic effects. Changing the temperature model of both the
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entire atmosphere and the ground by 2° prodcces no significant effect.' This
is as expected However a random variation with altitude of £ 2° would pro-
duce large effects as seen in Section 7.1.4 w1th the smgle -line model A
change in the total pressure 51gn1£1cant1y changes the calculated CO since it
reduces the atmospheric emission relative to the earthshme. The effects of

these variations for the 2.3y band were shown in Section 7.1 to be small,

7. Sv. 2.4 Summary: - The following summarizes the results for the
two bands based on the calculations with the multi-line model. They are
similar to those obtained with the single-line model. T '

The conclusions for the two Waveiengthe studied may be sum-= |

marized on the basis of the following considerations. .

Optical Thickness:

t

4, 6: For much of the range, the absorption curve is not linear.
The higher optical thicknesses may' be so high that there

is little eensitiyity in that range.

2.3:° The optical .thickn.ess.i's. suitable for the range of concen-
‘trations of interest. The only limit is the upper limit of
the lifab experiment but it will be suitable for'a sink at

-any rea’so_i':able expécted altitude.
Interpretation:

4, 6: Very difficult because of the need for accurate atmospheric
temperature data as a function of altitude, ground tempera-

ture, and ground emissivity at 4,6 .

2.3 Data directly presented in terms of CO density.
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© i Sensitivity'to Low Altitude Sink:: -
4.6 SensiAt‘:vivif;r to low altitude CO is very low énd er'r'orél intro-
_duced are likely to be larger than the CO decrease effect
T beingsoughe. L el
w; 2.3t . Sensitivity at low altitude same as the similar effect at
high altitude. Sinks of less than 10% CO density decrease

..+ . .. .can be detected.

PR

Temperaturé inversior_; Layer:
4.6:: - - Drastic effects. on calculated CO.densities prohibit detection

of significant sinks. .

2.3: No appreciable effect.

Lme St;er_m_gths_:_
4, 6:: .- Sterng.
" 2.3:  About 1% of 4.6 'lines. "This is étrohg'éﬁéu’gh.
Atmospherzc Emilssion: |
.4.6: - Considerable emission in this band causes much variation
from straight absorption model and leads to difficulty in

interpretation as mentioned.

2.3: Emission negligible.

Night Use: .
4, 6: Possible.

2.3:  Not likely to be possible, ‘at least with acceptable sensitivity.
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Mapping Experiment:
4.6: Emission effects disastrous.
2,3: Interferents cause problems butl thése are overcome by
technique used.. s sy Ces
Limb. Experirnent:
4. 6: Atmosphere optically thick at lower altitudes of interest.:

2.3:  Sensitivity limits altitude but altitude range reasonable.



8. CONCLUSIONS

The correlation intgrferometric techniques has been shown by analysis
to be capable of measuring atmospheric trace species accurately, Specifi-
cally it has been shown to measure atmosphere amounts of carbon monoxide
with an accuracy of better than 10%, Thus the technique should be capable of
picking out CO sinks which are only 10% or less lower in CO column density
using measurements which are made by detefmining the absorption in a part
of the first overtone band of CO in the 2.3 u region of the spectrum. It has
been determined that the use of this band is preferable to the use of the fun-
damental band in the 4,6 u region, The latter is unsuitable because of the ef-
fect of atmospheric parameters including the atmospherié temperature pro-
file (and the associated atmospheric emission) (see Tables 7.1.4 and 7.1.5),
the ground temperature (see Tables 7.1.6 and 7.1.7), the ground emissivity
at the wave length's being used (see Table 7.1.8), atmospheric pressure and
atmospheric path length. For that band, atmospheric emission causes an
enhancement of the radiation which is a function of temperature and must be
taken into account, If at some altitude the atmospheric temperature is greater
than the ground temperature the effect of absorption below is minimized.
Effectively, the instrument can not see well below an atmospheric tempera-
ture peak. Then the abvsorption does not follow the CO profile at low altitudes
but rather there is less absorption near the ground even for CO profiles when
there is more CO in that region (see Figures 7.1.6 and 7.1.,7), These diffi-
culties arise for any species with all spectral techniques which are primarily
involved with radiation of wavelengths greater than about 3.5u. This is be-
cause of the predominance of earthshine over reflected solar radijation at
these wavelengths (see Figure 3.2.1), The overtdne band is not affected sig-
nificantly by variaties in the parameters noted above and absorption in this

band follows closely the atmospheric CO profile for any reasonable atmo-
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spherié model, --Atmospheric scintillations have. little effect at-either wave-
length regioﬁ.,,- A LT U

. ... Spectral interferents can be overcome by the cor.rql,ation interferome-: ..
try technique. The: chief spectral interferants in the:.2, 34 spectral region. - .
are water 'and.<metha#e.~ By using the interferogram directly, carbon mon- -+ -
oxide can be accurately measured in the presence of atmospheric amounts:of, :;.
these gases which would prevent accurate measurement of CO by ordinary .
Spect_;ral methods. In order to accomplish the interferometric m‘éasurement
it is necessary to calibrate the instrument over the entire range of density of
interferents for which it will be used and to do so with variation of important
atmospheric parameters over which it will be used. Thus the calibration
must cover the range of methane of about 2 to 5 atmosphere cm. since this
is the range that is expected to be encountered and to cover the range of about
0.2to3 ﬁrecipifable cm. of water since variations frofn_ dry to wet atmos-
phereé include this range. Further, since the population of the rotational
water levels are appreciably affected by temperature, variations correspon-
ding to changes in atmospheric temperafure profiles must be included in the
calibration, thus necessitating calibration for conditions of a cold di'y, a hot
dry, a cold wet, and a hot wet atmosphere as well as conditions in between
these. _ |

The calibration determines the weighting function which multiplies the

section of the interferogram in such a way as to minimize the effect of spec-
tral interferents and maximize the effect of the gas to be measured (see
Chapters 5 and 6). The choice of conditions used to determine the weighting
functions is critical. The use of a wide range of conditions and interpolation
between these gives much better results than use of a narrow range with ex-
trapolation, In pré.ctice under flight c'onditions, it may be best to use a
weighting function derived from a wide range of conditions to obtain an ap-
proximate measure of CO density and conditions and then use a weighting
function derived from a narrower range of density and conditions to obtain

a more accurate CO density measurement, -
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: iThe fe_as'ibility analysis thus*shm&s the corrf--.lé.tion interferometry tech-
nique to be capable of the measurement f,rofn a remote platform of:carbon
monoxide in the atmosphere over the desired range 6f density. The measure-
‘ment can be made in the mapping mode ‘(observing éﬁnlight reflected by the -
earlth) and the limb mode (observing direct sunlight through the ‘earth's limb), -
It can further be stated that the technique is applicable to a variety of other

gases present in trace amounts in the atmosphere.
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- APPENDIX A

LISTING OF PROGRAM SPECTRA
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APPENDIX B

LISTING OF CORRELATION FUNCTION PROGRAM
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