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ABSTRACT

Intensity proriles of infrared spectral lines ' ostratospheric

constituents can be vy resolved with a hetercdyne spectrometer o

= : = 3 4
surficiently high resolution (o 5 MHz or V000107 em "), The congtituents?!

vertical distridutions can then be evaluated accurately by

amalytic inversion of the measured line profiles

.
e

Estimates of the detection senaitivity of a heterodyne receiver

are given in tearmus of minimu detectable volume mixing ratios of strat spheri o

conatituents, indicating a large number of minor constituents

which can be studied. Stratospheric spectral line shapes, and the

resolution cequired b measure them are discussed in light of caleulated

synthetic line mofiles for some s Qratospheric molecules in a model

atmosphere. The inversion technique for evaluation of g8 concentration
profiles is briefly q

escribed and applicationg to synthetic lines of

Wi o L‘!ih and N.O are given.? Some recent helerodyne nedsurements ot
i & &

1€8

00, and 0‘\ absorption 1 are analytically inverted and the vertical

distridutions or the two jases ave detemmined,
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l. Introduction

Stratospheric trace constituents may be detected through
measurements of their infrared vibrational-rotational lines, and
absolute column abundances can be determined from the measured line
equivalent widths. If the individual line shapes are also measured,
an inverse solution of the radiative transfer equation may be found
which yields the density-altitude profile (for transient species) or
the temperature-altitude profile (for a uniformly mixed gas). Measure-
ments of individual line intensity profiles are very difficult by
conventional spectroscopic methods, particularly when the sas is
distributed throughout atmospheric regions having widely different
total pressures. The line profiles will then ccnsi:st of pressure
broadened wings and doppler cores, imposing severe restrictions on the
spectral resolution needed to fully resolve the line. Infrared
heterodyne spectroscopy (IRHS) is well suited to atmospheric studies
because of its high speciflc detectlion sensitivity and its ultrahigh spectral
resolution (~ 5 Miz = ,00017 cmfl). At this resolution, individual
line shapes can be measured without significant instrumental distortion
and the analysis may be carried out in a straightforward manner.

Application of heterodyne spectroscopy to stratospheric studies
is still in its developing stages, and only preliminary attempts at
measurements and some feasibility studies have been made (Seals and Peyton,
1975; Seals, 1974; Peyton et al. 1977; Menzies and Seals, 1977). The

purpose of this paper is to present additional calculations on the




feasibility of IRHS stratospheric composition measurements, and to
report preliminary measurements and analyses of CO2 and 03 absorption
lines measured with ground-based IRHS systems.

Stratospheric measurements may be carried out either in absorption
(observing the sun or the moon), or in self-emission (observing
atmospheric emission lines directly). Absorption measurements are
intrinsically absolute and the precision is limited by the signal-to-
noise ratio (SNR) achieved. For solar measurements, the SN may be
as high as ~100,000, depending upon the volume mixing ratio of the gas,
the strength of the line, the integration time, and the spectral bandwidth

p)

chosen. Lines with optical depths as small as 10 7 can be measured in this
mode. The expected SNR's for self-emission are much lower, thus species
investigated in this mode are limited to those having nearly optically
thick infrared lines.

This paper is limited in scope to ground-based solar-absorption

measurements. The basic theory employed in making the radiative transfer

calculations is discussed in section 2. Section 3 deals with the feasibility

and application of an IRHS for stratospheric measurements, treating

the detection sensitivity, minimum detectable volume mixing ratios of
stratospheric constituents, and line shapes of infrared absorption lines
in the stratosphere. The method of infrared spectral line inversion

is briefly discussed in Section 4. Reiults of solar-absorption
measurements and analyses of CO2 and O3 lines made with CO2 - laser

and tunable-diode-laser heterodyne spectrometers are given in Section 5.
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2. Theoretical Conasiderations
The downmward spectral intensity, corresponding Lo a ground-based

obgervation of the sun, may be writiten as

:
[ =B (T.) v ° B (1) ar (P,1) 1)
N \~( e v ‘r,i‘ I LTl (X,
\I
where B is the Planck function at temperature T, 'l‘e isg the solar
\
brightness temperature (K), P is atm apheric preassure (ut.xn), t is the
\Y

Lo the observer,

gransmittance at frequency v from Lhe atmospneric layer
and 2 is the transmittance lrom the bLop of the gstmoagphere to the ground
\

The atmospheric transmittance
\\
(2)

v o=expl- fER A,

v oo \! 1

i i
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wvhere K ig the specific absorption coefficient (em =atm | at frequency
\\N

r all absorbing species.

for the ith species, and the aumation extends ove

AV

The element Hf ¢ lumn density (cm-atm) is

8 .'I“ mn %) '1\ )
d‘-‘l \'n\ \‘{\' \-: \ ,\,l i ) {: NJ_‘ Y ds ‘1\' kh:_—L \.—%{21\ aee 9 ; daz . (3\
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where \1‘5\1‘) L5 Lhe volwne mixing wratio for the Lth species, and 8, is
the senith angle at level . NTP denotes normal temperature and pressure.

e, i related to the starting parameters at height H1 by
n (R + 2)
v : P Q \
R{&N 0_'.' : “_( \v"\ \q ) ) 1/7- &"\
R.+ %) = tR 3 " sin” )
) (R H1) in” Gy 1 ".L’l.\
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where the refractive indices n,, and n_ refer to the values at the
¢ the ray path ror solae ohaorvibions

lovels N1 and we The praomebry o

is shown in FMig. 1. The ray tracing technique used 1s similar to that

>
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described by Selby and McClatchey (1972), Snider (1975) and Goldman and
Snider (1975).
The element of column density (du) may also be written in terms

of the mass mixing ratio

du =-]-g' qi(P) sec 0 dP, (5)

where q, (P) = q{(P) m'i/m,r with the masses referring to the species (i) and to
the average molecular mass of the gas. The absorption coefficient at
frequency y for species i is obtained by summing the contributions from

all lines

where the absorption coefficient for an individual line may be written

koo (BsT) = b [k, dv = 8,(T) b(R,T) (1)

where S, is the integrated line intensity in cm-l (em atm)'l and b
is the line shape function.

A convenient technique for calculating the absorption coefficients
for an individual line is based on separating the contribution from each
line into a wing contribution and a direct contribution near the line
center (v < Vg ¥ 8), where § is model dependent and in the present case
18 chosen to be 3.5 cm ~ (Kunde and Maguire, 1974). The wing contribution
is calculated by assuming a Lorentzian line shape, and the direct contribu-
tion by using the mixed Doppler-Lorentz line shape (Voigt line shape)

formula for whichi the function b is

1/2 ®
1 ,4n2
b(P,T) "5 (==) P —_—dt, (8)



with

@ 1/2
) "\“' (e) (2)
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\ 5
and b Pl ) : (10)
D

where 0, and \ID are the halrf-width at half-maximmm of lLorents and Doppler

)

broadened lines and
: o 178

O =358 x 107 v @) et (1)
The line centers, line strengths,and hal-widths employed in
this paper for 0%' N;}\) and }l"(‘ are taken trom the AFORL molecular
line parameter atlas (McClatchey et al, 1073), while the WO, and C“h
line parametors have been senerated with o qQuantum mechaniocnl model
(Maguire, 1077). The dependence of line strength on temperature M

is given by

S,(T.) Q1) Q.(T )
arm E O O s e - B BB - & g | A CoR Y " Jon
=X l) : \Q\»('l“ 0‘1.(’1‘\ Sxp 11,439 B (- '\\\' : l\‘ I . )

\
where 8§ ia the line strength nt the reference temparmture ".“ (206 "K),

\

: -3 .
" {8 the lower state energy (em 7)) of the transition, and ”“‘\' and "‘\'r are
the vibrational and rotaiional partition functiona. The basie oquatiions
and the methods outlined here are employed in calewlating spectra of

atmospheric gases as discussged in the following gsections.

3. Feasldility of IRHS Stmtospheric Measurements
A plot of representative constituent mixing ratio profiles is

shown in Fig. 2, and a 1list of aome selected molecules having tranaitions

in the loum terrestrisl window ‘g given in T™dle I, An overview of
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the observed atmospheric spectrum (0.25 em L resolution) is given
in Fig. 3 (Kunde et al. 1977).
(a) Sensitivity of a Heterodyne Spectrometer

In a heterodyne receiver, the infrared signal from the source
is mixed with coherent radiation from a local oscillator (such as a
002 laser or a tunable diode laser) and the difference frequency signal
is detected by radio frequency techniques. The basic theory and
sensitivity considerations of heterodyne spectroscopy have been
given in the literature. (e.g., Teich, 1971; Abbas, et al. 1976).
Here, we consider its sensitivity for detection of stratospheric
molecules.

The SNR of a heterodyne receiver is

5 _ pS ('r_)l/2

N aAhy B

, (13)

where A is the total system degradation from the ideal quantum detection
limit, 7 is the integration time, B is the bandwidth of a single
resolving element of the system, and Ps is the source power contained
in the bandwidth and the etendue (AQ ~ xz) of a heterodyne receiver.
Equation (13) yields an expression for the noise-equivalent radiance

of a heterodyne receiver as:
Ny -2 ,.~1_ -1
(NER)Het = )‘3————7-(BT)1 g (Wem ™ 8r " Hz ), (14)

Equation (14) indicates that the sensitivity of' a heterodyne receiver



improves rapidly withlonger wavelength, varying as x-3. In principle,
the spectral bandwidth (B) may be decreased arbitrarily for increasingly
higher resolution, but only at the expense of a corresponding decrease
in sensitivity.

We now estimate the minimum detectable column density and volume
mixing ratic. We assume a homogeneous isothermal atmosphere at
temperature T with uniform volume mixing ratio q;’ and source surface
temperature T, Equations (1) and (2) then give an expression for

the minimum detectable vertical column density for the solar absorption

mode
o (NER)Het

= i (15)
min kv(T,P) Bv(TG) sec 0

The minimum detectable volume mixing ratio then becomes

v - (NER)Het
in k (T,P) B (T ) u, sec 6

(16)

where Up is the total vertical column density and Te is the solar
brightness temperature.

For a moderately strong atmospheric line (S ~ 1 cm'l (cm-atn?l),
k ~ 50 (cm-atm)-l and for instrumental parameters of B = 5 l'Hz,

T = 1000 sec, A = 30,sec 6 = 1, the noise equivalent radiance and minimum

detectable volume mixing ratio are

(NER)}{et ~8 x lO-:L8 (W T Hz-l) (17)

and -12
qn‘l’in o2 %30 or 2 pptv (18)

This detection limit has been derived only for

obtaining an order of magnitude estimate of the sensitivity of an IRHS.
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Fig. 2 indicates that at this sensitivity almost all of the important
stratospheric constituents may be detected with a
heterodyne spectrometer. Note that while ¥g. (18) is based on a
peth length of one air-mass, slant paths at balloon altitudes can
increase this to ~ 20 air-masses with a concomitant increase in
sensitivity.

(b) Measurements of Stratospheric Absorption Lines

The calculated transmittances for the mid-latitude sumrer

model atmosphere of Selby and McClatchey (1972) and the volume mixing
ratios of Fig., 2 are given in Figs. 3-0. The computed spectra exhibit
absorption lines of (303,03. i‘Hh and N‘,O. The water vapor concentration
of the model atmosphere was modified to yield a totsl vertical coliumn
density of 63 ~m-atm, corresponding to field conditions during the
observations discussed in section 5.

An important consideration in the measwement of line profiles and
in the subsequent retrieval of information is the tyve of lineshape
involved. The widths are on the order of 1 GHz with narrow cores.
The widths of moderately strong lines of primarily stratospheric
molecules (e.g. o.i,c.(,o) are cn the order of a few hundred MHz.
Representative lineshapes have been computed for stratospheric (z = 45 km)
and tropospheric (2 = 12 km and z = 0 km) levels for the 940.55 cm'l (rek)
line of the \td.cmfl CO2 band and are shown in Fig. 7. At 45 km the doppler
half-width is ~ 8 x 10" em™} (24 MHz) and the core of the line is
essentially shaped by doppler broadening. For Ay greater than

~l.0 x 10'3 cm'l (50 MHz) the lineshape is dominated by pressure

(s7]




broadening. At the 2z = 12 and O km levels the entire line is shaped
by pressure broadening etrfects. Measurerments of doppler cores (formed
in the stratosphere) thus require high spectral resolution (~ 5 MHz) whereas

Jower resolution (50 Miz) will be sutlicient in the wings (formed in the
troposphiere).
4. Inversion of Infraved Spectral Lines
Atmospheric parameters may be extracted by analysis of individual
spectral lines measured at sufriciently high spectral resclution through
an inverse solution of the radiative transter equation (1). The
inversion of an appropriately chosen line can provide constituent
concentration profiles in both the stratosphere and the troposphere.
Atmospheric self-emission in kan. (1) usually may be ignored
for solar observations, and the observed intensity can be writtea
as
Spa s 11 BB o (19)
\\ v @ v

: , 0ob :
The observed transmittance \T; ) then is:
e =1 /B (T ) (20)

Combining Bas. (2) and (5), the atmospheric transmittance may be

written in the form

==t g kg (TP) g (P) AP i

Equation (1) suggests that the mixing ratios of the absorbing gas
may be iteratively evaluated, with kv used as 2 weighting function.
The iterative scheme used here is similar to that described in the

literature {(Seals, 1:74; tmith, 1970% Nenzies and Chahine, 197%).

O



The plots of weighting functions (normalized abgorption

coefficients) tor some absorption lines of O ‘.‘\‘H,‘ and N O are
3 . 'd

), in the

shown in Figs. (8)-(10). The weighting functions for O, in
N

. . i
for ground- based

9.4ym band reach peaks upto heights of ~ 30-35 km 1

observations. The weighting functions reach peaks upto ~aH Km

2 . 3 . -1 ]
{ for CHh and N,O absorption lines in the 1230 cm = to 1250 cm

) range. The altitudes which may be probed by this method are

iah )

determined by the shapes and the levels at which U

1@ weighting fhuneuions

=
w

K reach “heir peaks. At altitudes where vressure broadening
v T

to a lorentzian and

dominant, the Voight profile reduces

s(T) a(P,T) =4
b . ..

b=l FR

k (P)

\ =T ) \ & rpom)

(\, \O‘ O (Pyl

} getting the derivative of kx (P) with respect to a(P,T) equal to uero
\l

ransitions with small values

i and solving for a(f), indicates that for t

of lower state energy E" (so that the dependence of line strength on

T may be ignored), kv\l‘) is maximum at levels where a(P,T) ~ (v=v_)e
~

At altitudes where doppler broadening is predominant (= 35 km),

k increases monotonically and thus cannot be used as 8 weighting function.
v

The inversion technigue discussed here is thus userul only for

altitudes at which the lines are presswe broadened. A different mode of

Pl observation «nd inversion technique has to be employed for probing
higher regions.

§ B : ) 2 D : : . . N
i 2 Inversion of a specific line is carried out in the following way.

E The atmosphere is divided into N layers (35 in the present work).

The vertical temperature profile T(z) is assumed ovr evaluated by

analyzing the absorption line of a well mixed gas such as 0, (T(z)

need not be known as accurately for solar abgorption measurements as

B
"

10



for the self-emission mode). An initial guess for the mixing ratio
profile qji”" is made (j denotes the level and m the iteration). The

absorption coefficientsand transmittances Kk Mand " for an appropriately

V
k
chosen set of frequencies v, are calculated monochromatically by summing

the contributions of individual molecular absorption lines as discussed

,m+1

in section 2. An improved mixing ratio profile q% is then estimated

at the levels corresponding tc the peaks of the weighting functions from

QQ’m+l . qg’m (4n TOD/Ln ™) (23)
i Y v

The complete profile is interpolated from the corrected values
and the iterative process is continued until the calculated Tf converge
to the observed values of 73b over the entire set of chosen frequencies
in a least squares sense. The process is stopped when the RMS
residual is of the same order as the noise level of the measurements.

The weighting functions are chosen such that a sutrficient number
of levels are included for interpolation of the éas mixing ratio
profile. The vertical resolution of the retrieved profile is then
dependent on the shapes of the weighting functions, which are determined
by the iine strength and the lower state energy of the transition.
If the weighting unctions are sharply peaked, %he .nversion procedure
converges in 15-20 iterations.

The mixing ratio profiles retrieved by i.verting synthetic (03’CHh’
Néo) and measuréd (Coa) absorption lines (Figs. 4-6,14) are shown in

Figs. 11 and 12, The initial guess profiles and the model profiles

1l



are also shown. These results demcnstrate the internal consistency

of the method, and indicate that inversion of infrared absorption lines
measured with sufficiently high spectral resolution can lead to vgrtical
concentration profiles of stratospheric constituents to heights ~ 30 km

with vertical resolution ~ 4 km.

5. Atmospheric Absorption Measurements

The atmospheric absorption measurements reported here are based
on solar observations of absorption lines of COE and O5 in the 1Oum
band. The measurements were made with a C02-laser heterodyne spectro-
meter at Goddard Space Flight Center, and a tunable diode-laser heterodyne
spectrcmeter at MIT.

A schematic of the Goddard C02-laser spectrometer is shown in
Fig. 13. This system (Mumma, et al. 1977), presently inter-
faced with a 48" telescupe at the optical test site in Greenbelt, MD.,
employs a C02 laser as local oscillator, a HgCdTe photodiode as a
mixer and two sets of IF filter banks. The high resoclution filter
bank consists of 4O sequential filters of 5 MHz resolution covering
a total of 200 MHz bandwidth. The low resolution filter bank has
23 filters of 50 MHz resolution with a total bandwidth of 1 GHz and
one filter of 1 GHz bandwidth. The CO2 laser is grating tuneble
from line to line, so that the detection of atmospheric lines
is limited to those which liewithin + 1.5 GHz of a CO2 laser line.
This restriction requires knowledge of the line center frequencies

of the transitions to be observed.

-



Fig. 14 shows the observed profile of an a‘mospheric 002 line
- 9%7.7072 cmrl) measured on Feb. 10, 1977 with the low resolution
filter bank. The Doppler broadened core, formed at high altitudes, can
be identified. This line was inverted and the retrieved mixing ratio
profile for 002 is shown in Fig. 12. The computed absorption line
based on the retrieved mixing ratio profile is shown by the solid
curve in Fig. 14. The retrieved profile shows that COo is well mixed to
at least 50 km, in agreement with independe: t results. (e.g. Reiter
et al., 1975).

Fig. 15 shows an O3 absorption line (v = 1044, 9787 em t near
the O, - P(22) line in the 19.4um band) measured on April 8, 1977
at various values of air-mass (sec f). The high and low resolution spectra
are shown on the left and right hand sides respectively. With increasing
air-mass, decreasing intensities and increasing line saturation are
evident in both spectra. These measurements are of a nreliminary nature.
This line, with lower state enargy of T707.21 cm.-l and line strength
S = 0.011 vmfl (cmr”gm)nl is not well suited for inversion. However,
a measurement of this abscorption line profile as a tunction of air-mass,
indicates the capability of 1RHS for investigating the daytime variation
of O3 concentration in the stratosphere. The nightime variations may be
measured by making similar observations of the moon.

Atmospheric solar absorption measurements were made with a
tunable diode-laser spectrometer in Cambridge, MA., on Jan 2, 1977

around noon with the solar zenith angle between 67° to 64°. The

air temperature was ~ 272 °K with relative humidity ~ 50%.

13




A detailed description of the tunable diode laser spectrometer
and preliminary results have been given elsewhere (Frerking and
Muehlner, 1977). The spectrometer employed a liquid nitrogen cooled
PbSnSe diode laser as a local oscillator and a HgCdTe photodiode as a
mixer. The diode laser was continuously tunable over the spectral
range of 1010.9 to 1011.8 cm-l. The total bandwidth (2B) of the IF
filters used in these measurements could be chosen as 200 Miz or 70 Mz,
providing spectral resolutions of 0.0067 em T or 0.0023 cm respectively.

The atmospheric spectrum taken with a spectral resolution of
0.0023 cm.l on Jan. 2, 1977, shows absorption lines of 0% in the
spectral range of 1010.9 to 1011.8 cm"l (Fig. 16). The spectral
data on the eight 03 lines identified in Fig. lob are given in Table
II. Since the atmospheric transmittance was not directly calibrated,
an absolute transmittance scale was established by normalizing to the
value at 1011.2 cm-l calculated from a mid-Jlatitude model atmosphere
with a total water vapor content of G625 cm-atm (precipitable water = 0.50
cm). This water content corresponds to local conditions at the time
of observations (Radiosonde data, National Weather Service).

The strong ozone lines with S ~ 0.3 (in cm-atm units) are saturated
(Fig. 16b). The saturation is particularly strong because the air-
mass during the measurements was ~ 2.3 (solar zenith angle 050)
even though the measurements were made around noon. The saturation

results in a loss of spectral information from the upper stratosphere,

since the weighting functions for frequencies near line center peak

1L



at heights ~ 25-35 km. A line of moderate intensity has to beused to
probe the upper stratosphere from the ground. In addition, transitions
with smaller values of LS energy are needed to reduce the temperature
dependence. A comparison of the numerical values of S and LS
energy listed in Table III, shows that lines 3,4, and 8 are most
suitable for analysis. Lines 4 and 8 are satuwrated, but
line 3 with a lower value of S, may be used in conjunction with line
4 or 8 for analysis. The weaker lines such as 1 or 2, with larger LS
values, have weighting functions which do not have sharp peaks and
are thus not suitable f'or inversion.

Lines 3 and 8, with ’ine centers at v_ = 1011.1039 cm L and
. 1011.6636 cmfl respectively, are shown at high resolution in
Fig. 17a,b. The retrieved mixing ratio profile of O3 obtained
through an inversion of these two lines is shown in Fig. 18. Because
of saturation of the two lines ard insufficient resolution near the
line center, the retrieved ﬂj profile is accurate up to heights of
about 25-28 km only. A fixed vaelue of ¢V =2.9 x lO.6 is assumed
at a height of 50 km and the complete vertical profile is then
interpolated. The retrieved profile corresponds to a total vertical
0

3 column density ~0.37 e¢m atm, This value compares with a column

density of 0.398 cm-atm of the mid-latitude model O, profile shown

3
in Fig. 18.

The computed transmittances for the two lines based on the
retrieved 03 profile agree well with the observed values (Fig. 17).
The synthetic spectrum was calculated over the spectral range

15
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1019.9-1011.8 em ! from the retrieved ozone profile (Fig. 16c).

The line parameters such as line centers, line strengths and

lower state energies were taken from the AFCRL line parameter
atlas (McClatchey et al., 1973). The half-width for ozone used
was 0.07 cm * at NTP. No attempt has been made to correct the
line centers in the synthetic spectrum to conform with the observed
positions.

A comparison between the observed and synthetic spectra (Figs.
16b and loc) shows that there are significant differences, indicated
by missing or extra lines. No attempt has been made to__
achieve a closer match between the two plots,but the differences are
very .ikely due to inaccuracies in line parameters used in generating
the synthetic spectrum. Existing uncertainties in the line centers
and intensities are evident when comparing vy line parameters c.
Barbe et al (1977), Menzies (1976), and the AFCRL atlas (McClatchey
et al., 1973). FExtra lines cculd also be due to other gases.
Conclusions:

The measvrements and analyses presented in this paper indicate
the usefulness of heterodyne measurements in the infrared for deteccion
of a large number of stratospheric constituents. The vertical mixing
ratio profiles and the total abundances of some constituents may be
determined with high vertical resolution (~ 4 km) and the diurnal
variation may be followed by tracking the sun or the moon. Interpreta-
tion or heterodyne measurements and the accuracy of analysis is limited

by the availability of accurate line parameters. A parallel program

10



of accurate labortory measurements of line Mrameters, s easential
for identitication and anidyais of stratospheric constituents.
Precision line fraquency measurements permit extraction of wind
valocities in some cases, With the avatlability of tunadle diode
lagers covering the entire Ium window, heterodyne measurements
are expected to play a praminent »ole in stratospheric research,
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Table I. Some Selected Gases with Transitions
In the Intermediate Infrared

{ Accessible
; Gas Spectral Region (cmfl)
i |
1 Oq 1000-1100 *
e NO_ :
; XD 1190,1290 x (Hot Bands)
: NO 1621
| 2
| }11\103 890
§
| N;04 1000
: HO, :
H,0 900-1200
HO,, 1101,1390
: H,0, 880,1266,1380
! Ce:
ccly, 768,789
| CFCL3 (Freon 11) 847
‘ CF,Ct, (Freon 12) 920-930 *
: CH3CL 32,1355 b
| L0 850 *
CLONO, 780,1490
Br:
CH,Br 954 ,1443
BrO 853 9lu83
; NH, 930-970
g CH,, 1306
| 104 *
| CH,F 7
; *Line data known accurately for at least some lines.
|
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.
M. D
F*.‘;. (\’l

Fig. T;

rig. 8.

LIST OF FIGURES

Geometry of ray path for solar observations.

Nominal mixing ratio profiles of some stratospheric molecules.

The heterodyne detection limit ror ground-based solar observations

is shown (sec 8 = 1).

Atmospheric spectrum at 0.25 cm-l resolution for 900 to

1400 cm-l spectral range derived from cbservations of the

Moon. Spectral lines in the absorption bands of C02,03,H20,

Ngo, and C“h are identiried. A synthetic spectrum based on a

model atmosphere is also shown for comparison.

Synthetic atmospheric absorption lines of ozone and COB'

A synthetic atmospheric absorption line of :dh.

A synthetic atmospheric absorption line of NCO'

The lineshape kv/s is given as a function of Ay for the

mixed. the Lorentz, and the Doppler lineshapes for

stratospheric (z - 45 km) and tropospheric levels (z = 12 km

and 0 Xm)., The O, line at 940.55 cm-l is represented with

S =4,73 x lo-h cm"l ;cm-atm}-l. Presswre broadening dominates

the line formaticn process everywhere except in the upper

stratosphere, where Doppler broadening dominates in the

line center region (Av < 50 MHz).

Weighting function for the ozone line of Fig. 4 with line center
e -1 :

V. 1043. 1775 cm ~, for frequencies with Ay (em ) given by:

(1) 0.0013 (2) 0.00167 (3) 0.0020 (4) 0.00233 (5) 0.00266

TSR



(6) ©.00333 (7) 0.00500 (8) 0.0067 (9) 0.00833 (10) 0.0100C

(11) 0.01167

Fig. 9. Weighting function for the CHh line of Fig. 5 with line center %"
1228.8800 cmfl, for frequencies with Ay (cmfl) given by:
(1) 0.00500 (2) 0.00583 (3) 0.00750 (4) 0.00917 (5) 0.01000
(6) 0.01333 (7) 0.01833 (8) 0.02233 (9) 0.02667 (10) 0.03333.

Fig. 10 Weighting functi~-~ for the N2O line of Fig. 6 with line center

.. 1252 .5600 CA-l, for frequencies with Ay (cmfl) given by:
(1) 0.00267 (2) 0.00333 (3) 0.CO4.7 (4) 0.00500 (5) 0.00583
(6) 0.00833 (7) 0.01167 (8) 0.01233 (9) 0.01667 (10) 0.01833
(11) 0.02167 (12) 0.02667 (13) 0.03333.

Fig. 11 The retrieved volume mixing ratio profile of atmospheric
ozone, based on an inversion of the synthetic line shown in
Fig. 4. The initial guess and thenominal model profile are
also shown.

Fig. 12 The retrieved volume mixing ratio profiles of atmospheric

N0, CH) and CO based on lines shown in Figs. 6,5,1kL.

2
The initial guess andnominal model profiles are also shown.
The retrieved 002 profile shown is obtained from
an inversion of the measured atmospheric 002 absorption
line of Fig. 1k,

Fig. 13 A schematic of the infrared heterodyne spectrometer at

Goddard Space Flight Center. The source signal is mixed



Fig. 14

Fig. 15

Fig. 16

Fig. 17a,b Smoothed high resolution plots of the two O

Fig. 18.

with radiation from a local oscillator at the HgCdTe
photomixer. The 0-1.5 GHz intermediate frequency (IF)
signal) is then fed into the RI" filter bank. The outputs
of the 64 filters are separately multiplexed, integrated,
and synchronously detected in the cai~ulator. A magnetic
tape unit, a graphics data terminal and a line printer,
enable storage display and retrieval of the output.
Atmospheric Co, R(8) absorption line measured at 50 MHz
resolution.

Atmospheric O3 absorption lines observed in solar-
absorptiol. mode as a function of air mass.

Atmospneric ozone absorption spectra taken with tunable
diode-laser heterodyne spectrometer with a spectral resolution

 §

of 0.0023 cm ~. (a) A single scan (b) An average of five scan

(¢) Synthetic spectrum based on the retrieved O, mixing ratio

3
profile of Fig. 18.

3 absorption
lines (#3 and #8 Fig. 16b). The synthetic lines based on
the retrieved Oj mixing ratio profile of Fig. 18 are
shown with dashed lines.

The retrieved volume mixing ratio profile of ozone obtained
from inversion of the two observed lines in Fig. 17. The

nominal model profile is shown with the dashed line.
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WEIGHTING FUNCTIONS- N2O LINE
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